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ABSTRACT
For Streptomyces plasmid pIJ101 to mediate DNA transfer, only the clt locus and the Tra
protein are required, though three non-essential spread functions increase the radial distance of
plasmid dissemination among recipients after the initial lateral transfer event. clt is a contiguous
54-bp sequence within an intrinsically curved plasmid region that contains inverted and direct
repeats; biochemical and genetic methods described here indicate that single-stranded cleavage
reminiscent of most conjugative plasmids does not occur at clt. clt therefore likely promotes
plasmid transfer by interacting with the pIJ101 Tra protein or host-encoded factors in a transient,
novel DNA-processing event or by mediating transfer of unprocessed, covalently closed circular
plasmids. Tra promotes plasmid and chromosome mobilization by an unknown mechanism and
shows similarity to ATP-binding proteins that mobilize double-stranded DNA. Here, epitope
sequences were inserted at two positions within Tra, one dispensable for conjugation, and one
previously found to be important for chromosome mobilization; these epitopes allowed for
identification of Tra in Western blots of E. coli and Streptomyces, as well as identification of the
protein in Streptomyces by immunofluorescence microscopy. The pIJ101 kilB spread gene is
lethal unless the plasmid-encoded kil-override gene, korB, is also present. The 10-kDa KorB
protein is processed to a 6-kDa repressor, which has previously been solely detected in S.
lividans. S. cyanogenus plasmid pSB24.1 undergoes spontaneous deletion in S. lividans to form
the stable, non-conjugative pSB24.2, which is similar in sequence and organization to a portion
of pIJ101, including analogous korB and clt functions and the 3’ end of a putative kilB gene. The
korB gene from pSB24.2 previously overrode pIJ101 kilB-associated lethality, and here, KorB
(pSB24.2) repressed kilB promoter transcription as efficiently as KorB (pIJ101). Western
blotting demonstrated that KorB of pSB24.2 exists in both S. lividans and S. cyanogenus in

vii

several forms ranging from 10 to 6 kDa. KorB from pIJ101 meanwhile persists in only its 6kDa form in both species, and increased expression of both KorB proteins is strongly correlated
to the sporulation phase of the streptomycete life cycle.
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CHAPTER 1:
INTRODUCTION

1

The genus Streptomyces is a soil-dwelling representative of the Actinomycete group of
bacteria, gram-positive filamentous organisms which have a characteristically high G+C content
to their DNA (Madigan et al. 1997). During growth in the soil or on solid media, streptomycetes
cycle through a complex developmental program that features three distinct morphological
stages. Under optimal growth conditions, they persist as a substrate mycelium, a tangled mass of
multigenomic, infrequently septated hyphae. As growth conditions worsen, a vertically directed
aerial mycelium emerges from the substrate layer, scavenging nutrients from the dying cells
below. Septa form within aerial hyphae at regular intervals, and finally the resulting unigenomic
compartments develop into spores, which germinate to form a new substrate mycelium when
environmental conditions once again become conducive to growth (Chater 1993). As members
of rich and complex soil ecosystems, Streptomyces species compete with a variety of prokaryotic
and eukaryotic organisms to survive. One strategy employed by streptomycetes to gain an
advantage in the soil is to produce a wide variety of secondary metabolites that act as antimicrobial, anti-fungal, and herbicidal compounds, making this genus an important source of
these substances used in medicine, agriculture, and industry. This so-called physiological
differentiation occurs during the growth of aerial hyphae on a solid substrate, and also takes
place in mycelia growing in submerged culture, which do not differentiate morphologically, as
they transition from exponential to stationary growth (Champness and Chater 1994). Besides
morphological and physiological differentiation, many Streptomyces species are capable of
mobilizing genetic information through the actions of conjugative plasmids, found throughout
the genus in circular, linear, and integrative forms. In Streptomyces, conjugative DNA transfer
can be observed visually, as donor cells transmit plasmids to surrounding recipients, slowing the
growth of these cells (now transconjugants) relative to other plasmid-free mycelia on the
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adjacent agar surface (Bibb and Hopwood 1981). This phenomenon, known as pocking, may
result from transient growth-inhibitory effects of potentially lethal plasmid functions, perhaps to
keep the transfer window of opportunity open for a longer period of time, thereby ensuring
efficient plasmid transfer. Interestingly, the conjugative DNA transfer mechanism utilized by
Streptomyces bacteria appears to be unique from all other conjugation systems found both in
gram-negative and other gram-positive bacteria (Grohmann et al. 2003).
While initially described in the gram-negative bacterium E. coli (Lederberg and Tatum
1946), conjugative plasmids have been isolated from many other genera, including gram-positive
examples such as Streptococcus (Macrina and Archer 1993), Enterococcus (Clewell 1993),
Staphylococcus (Macrina and Archer 1993), and the aforementioned Streptomyces (Hopwood
and Kieser 1993). Indicative of a conserved mechanism throughout most of the bacterial
kingdom, all conjugative plasmids examined to date, with the exception of those from
Streptomyces, employ a mode of DNA transfer typified by the first example to be discovered, the
E. coli F plasmid. For F, DNA transfer absolutely requires the plasmid-encoded protein DNA
helicase I (encoded by traI), which endonucleolytically cleaves, or nicks, the DNA molecule to
be transferred at a specific nic site on one strand within the cis-acting origin of transfer (oriT)
(Lanka and Wilkins 1995). The nicking reaction is enhanced by binding of the plasmid-encoded
TraY protein and the chromosomally-encoded integration host factor (IHF), which induce
bending at the oriT region (Luo et al. 1994, Tsai et al. 1990). After cleavage, the nicked, singlestranded intermediate is transferred from the donor to the recipient in a 5’ to 3’ direction, during
which both plasmid strands are concomitantly replicated by separate mechanisms in the donor
and recipient cells to form double-stranded molecules. As the reconstituted double-stranded
oriT, which results from DNA synthesis from the 3’ end of the nicked strand, encounters the
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helicase a second time in the donor, it is nicked again, resulting in plasmid copies present in both
the original donor and the recipient (Willets and Wilkins 1984, Lanka and Wilkins 1995). In
addition to plasmid transfer, F is capable of promoting the mobilization of chromosomal DNA
by integrating into the host cell’s chromosome. In this case, oriT is still nicked, but since it is
present on the chromosome, colinear transfer of plasmid and chromosomal genes results (Low
1987).
It has been suggested that plasmids of streptomycete origin represent a second paradigm
for conjugal DNA transfer, and only a very limited number of plasmid-encoded functions are
required for their transfer (Hopwood and Kieser 1993). For example, in contrast to the more
than 25 functions required for F to mobilize DNA, the S. lividans plasmid pIJ101 (Kieser et al.
1982) requires only the 70-kDa membrane-associated (Pettis and Cohen 1996) product of the tra
gene and the cis-acting locus of transfer (clt) to mediate efficient plasmid transfer (Pettis and
Cohen 1994), with only three other pIJ101 functions providing non-essential support to the
process. Additionally, the transfer of Streptomyces plasmids appears to involve a doublestranded intermediate (Possoz et al. 2001), a unique mechanism from all other described
conjugative plasmids.
Among Streptomyces plasmids, the 8,830-bp pIJ101 (Fig. 1.1) has been used extensively
as a model system with which to study conjugal DNA transfer in this genus. The annotated
sequence of pIJ101 has been available for a number of years (Kendall and Cohen 1988), and
several studies which have characterized various transfer functions can be found in the literature.
For example, the pIJ101 clt locus was originally found to be contained within a 145-bp region of
the plasmid overlapping the 3’ end of the korB gene that was required in cis for efficient plasmid
transfer (Pettis and Cohen 1994). clt is not similar to cis-acting oriT loci from other conjugative
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FIG. 1.1. Map of Streptomyces lividans plasmid pIJ101. The 8,830-bp circular plasmid
pIJ101 is represented by the figure. Several restriction sites are indicated on the map, as are all
identified open reading frames (ORFs) (arrows) and genetic loci (boxes). The korB and tra
genes and clt locus, subjects of the studies detailed in this text, are highlighted in gray.

plasmids, and even among plasmids of streptomycete origin, it is one of only two unique cisacting sequences discovered to be involved in conjugation (Pettis and Cohen 1994, ServinGonzales 1996). A third clt sequence has been identified on plasmid pSB24.2, but it is very
similar to the analogous region from pIJ101; because of the extensive similarities between the
two plasmids, it is likely that they have diverged from a common ancestral molecule (Pettis and
Prakash 1999). In a previous study, the pIJ101 clt locus was determined to be separable from
korB, although sequences within the upstream gene were shown to contribute to clt function to
some extent (Ducote et al. 2000). As reported in Chapter 2, the pIJ101 clt locus has been further
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characterized here by elucidating its minimal sequence determinants, analyzing its physical
features, and investigating its functional role in pIJ101 transfer.
Compared to clt, some properties and features of the 621-amino acid product of the
pIJ101 tra gene are better understood. For instance, although Tra is absolutely required for
pIJ101-mediated DNA transfer, expression from the tra promoter is lethal to Streptomyces unless
the corresponding kil-override function korA is present in the cell (Kendall and Cohen 1987).
Tra is also solely required for pIJ101-mediated mobilization of chromosomal genes,
independently of any other pIJ101-encoded functions including clt (Pettis and Cohen 1994). The
mechanism by which Tra and other principal transfer proteins from streptomycete plasmids
mobilize DNA remains to be determined, though significantly, they do not share homology to
nicking enzymes, but instead show relatedness to bacterial proteins involved in the mobilization
of double-stranded chromosomal DNA (Kendall and Cohen 1988, Kosono et al. 1996). The
work reported in Chapter 3 has built upon a previous study in which particular regions of Tra
were shown to function differentially in plasmid and chromosomal gene transfer (Pettis and
Cohen 2000) by further characterizing two of these regions, and also includes an initial
investigation into the localization of the Tra protein within Streptomyces hyphae.
Besides tra and clt, three ancillary functions encoded by pIJ101 (spdA, spdB, and kilB)
are involved in increasing the spread of the plasmid once it has been initially transferred from a
donor to a recipient. Of these three spread functions, only the kilB gene has been characterized
in the literature; like Tra, the KilB protein is lethal unless the corresponding kil-override gene,
korB, which has also been studied to some extent, represses its transcription. The KorB protein
is post-translationally processed from its initial size of 10-kDa to a mature 6-kDa form (Tai and
Cohen 1993), and in addition to overriding KilB-associated lethality, this protein may play a role
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in regulating the copy number of pIJ101 by binding to the sti locus (Tai and Cohen 1993, Tai and
Cohen 1994). It has been previously reported that the korB gene from plasmid pSB24.2 is also
capable of overriding pIJ101 kilB-associated lethality (Pettis and Prakash 1999); in Chapter 4,
the KorB proteins from both pIJ101 and pSB24.2 have been further characterized with respect to
their abilities to repress transcription from the kilB promoter, as well as their DNA binding and
post-translational processing characteristics.
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CHAPTER 2:
PHYSICAL AND FUNCTIONAL CHARACTERISTICS OF THE CIS-ACTING LOCUS
OF TRANSFER (clt) OF STREPTOMYCETE PLASMID pIJ101*

*Portions reprinted by permission of Journal of Bacteriology

10

INTRODUCTION
Plasmid-mediated conjugation is a widespread phenomenon within the gram-positive
bacterial genus Streptomyces, and many conjugative plasmids have been isolated from a variety
of Streptomyces species. There is evidence to suggest that the conjugation process in
Streptomyces bacteria may be novel, including the fact that relatively few plasmid-borne genetic
loci are required for conjugation to occur between streptomycete cells compared to other bacteria
(Hopwood and Kieser 1993). For example, transfer of the 8,830-bp circular double-stranded
Streptomyces lividans plasmid pIJ101 requires only one plasmid-encoded protein, the 70-kDa
membrane-associated product (Pettis and Cohen 1996) of the pIJ101 tra gene (Kendall and
Cohen 1987, Kieser et al. 1982). Tra is capable of mediating plasmid transfer by an
undetermined mechanism either when expressed from a plasmid or when encoded by a tra gene
copy that has been inserted into the host chromosome (Pettis and Cohen 1994). Although Tra
does not resemble proteins typically required for conjugative transfer of plasmids from gramnegative organisms, it does show intriguing homology to bacterial proteins that promote the
movement or partitioning of chromosomal DNA during cellular processes that include
sporulation (in Bacillus subtilis) (Wu et al. 1995) and cell division (in Escherichia coli) (Begg et
al. 1995). Tra is also the only pIJ101-encoded factor required for chromosomal gene transfer
during mating of streptomycete cells (Kieser et al. 1982).
Efficient transfer of pIJ101 also requires a cis-acting locus termed clt. In conjunction
with the chromosomally inserted tra gene, addition of the pIJ101 clt locus to transfer defective
derivatives of either pIJ101 or non-pIJ101 replicons increases their conjugative transfer by two
to three orders of magnitude (Pettis and Cohen 1994). The clt locus was found to be contained
on a 145-bp segment of pIJ101 that spans the 3' end of the pIJ101 korB gene and extends into the
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intergenic region between the convergently transcribed korB and korA genes (Pettis and Cohen
1994). Both korB and korA encode transcriptional repressors that have multiple regulatory
functions; the KorB repressor, for example, controls expression from promoters for both the
transfer-related kilB gene of pIJ101 and the korB gene (Stein and Cohen 1990, Stein et al. 1989,
Tai and Cohen 1993, Zaman et al. 1992) and may also play an undefined role in regulation of
plasmid replication (Deng et al. 1988). The KorA protein similarly represses transcription from
the korA gene promoter and is also required for control of expression from the tra promoter
(Stein and Cohen 1990, Stein et al. 1989).
The only known mechanism for processing of circular, double-stranded plasmid DNA
prior to its conjugative transfer involves site-specific endonucleolytic cleavage or nicking of a
single strand of the plasmid within its origin of transfer (oriT) (Lanka and Wilkins 1995). This
function is the only cis-acting locus known to be required for plasmid transfer and has been
identified on numerous plasmids isolated mostly from gram-negative sources. While oriT
regions vary from smaller than 50 bp to larger than 500 bp, they characteristically show a higher
AT content than their surrounding DNA, have extensive direct and inverted nucleotide sequence
repeats for protein binding, and are typically positioned in nontranscribed intergenic regions
(e.g., overlapping divergent promoters that control the expression of transfer genes) (Lanka and
Wilkins 1995). Although extensive homology of oriT sequences is found only in closely related
plasmids, most oriT loci so far identified, including those from plasmids of gram-positive
organisms (Lanka and Wilkins 1995) and one from a conjugative transposon of gram-positive
origin (Jaworski and Clewell 1995), have been divided into three groups based on limited
identity around their nick sites (Lanka and Wilkins 1995). For Streptomyces plasmids, only three
cis-acting plasmid loci involved in conjugative DNA transfer have been identified. The clt loci

12

of plasmids pIJ101 and pSB24.2 are nearly identical in sequence, and the analogous region from
pSB24.2 has been shown to functionally substitute for clt from pIJ101 in Tra-mediated plasmid
transfer (Pettis and Prakash 1999). A third clt has been identified on pJV1, a plasmid originally
isolated from Streptomyces phaeochromogenes (Servin-Gonzalez 1996). This cis-acting locus is
neither similar to clt from pIJ101 in sequence (Servin-Gonzalez 1996) nor is it able substitute for
clt during Tra-mediated conjugative plasmid transfer (Appendix B).
For most conjugative plasmids, cleavage at oriT is mediated by a plasmid-encoded
enzyme (i.e., the relaxase) and normally involves other plasmid proteins; a membrane-associated
DNA-multiprotein complex that includes the relaxase protein covalently attached to oriT at the
site of nicking forms prior to plasmid transfer (Lanka and Wilkins 1995). Upon mating,
interactions between such complexes and additional plasmid-encoded membrane proteins direct
the translocation of the nicked strand by an undetermined mechanism through the membrane and
into the recipient cell (Dreiseikelmann 1994, Lanka and Wilkins 1995). During transfer,
concomitant replicative synthesis of both the nicked and non-nicked strands occurs. Therefore,
the oriT region is replicated immediately after its initial cleavage, and near completion of the
transfer process, it is cleaved a second time, allowing for the release of a complete plasmid copy
into the recipient, whereupon strand circularization and second-strand synthesis are completed
(Wilkins and Lanka 1993).
Since clt promotes efficient transfer of plasmid DNA in cis and does not appear to encode
a protein (Pettis and Cohen 1994), our initial investigations of clt have focused on determining
whether it functions analogously to oriT regions found on conjugative plasmids from other
bacteria. Proteins which may interact with clt include the pIJ101 Tra protein or, given the
paucity of plasmid genes required for streptomycete plasmid transfer (Hopwood and Kieser
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1993), possibly one or more host-encoded factors. Interestingly, the bacterial proteins to which
Tra is homologous, such as the B. subtilis SpoIIIE and E. coli FtsK proteins, participate in
processes involving the intracellular movement of double-stranded DNA (Liu et al. 1998, Steiner
et al. 1999, Wu and Errington 1994, Wu et al. 1995). In addition, it has recently been reported
that both the Streptomyces integrative element pSAM2 and pIJ101 are conjugally transferred
between streptomycete cells as double-stranded molecules, although it is unknown whether
pIJ101 remains circular or is linearized as part of the transfer process (Possoz et al. 2001).
Because single-stranded transfer involving a rolling circle-like mechanism has effectively been
ruled out for pIJ101, clt may serve in one of two capacities which leads to pIJ101 transfer. One
possibility involves a novel DNA-processing event (e.g., double-stranded DNA cleavage) as
mediated by Tra or a putative chromosomally encoded function which would then lead to
transfer of the plasmid in a unique double-stranded, linear form. A second possibility involves
the interbacterial transfer of unprocessed, covalently closed circular pIJ101 molecules; in this
case, clt would still serve as a site for productive interaction with transfer proteins but strand
cleavage at clt would not result.
We have begun to elucidate the role of clt in pIJ101 transfer by identifying its minimal
sequence determinants and characterizing its physical features. The clt locus is composed of a
region of pIJ101 no greater than 54 bp that maps just downstream of the korB gene. The locus
shares some but not all of the characteristics typically associated with oriT sites, including the
presence of inverted-repeat and direct-repeat regions, both of which are essential for full clt
function. Other data show that sequences extending into the 3' end of the korB open reading
frame (ORF) can influence clt activity and that the clt plasmid region is intrinsically curved, a
feature consistent with the notion that three-dimensional structuring of protein and clt-korB DNA

14

may occur during pIJ101 transfer. Finally, additional genetic evidence that distinguishes cltmediated transfer of pIJ101 from the single-stranded cleavage mechanism reminiscent of
plasmids of gram-negative origin supports the notion that the conjugation mechanism of
Streptomyces plasmids is unique among analogous systems throughout the bacterial kingdom.
MATERIALS AND METHODS
Molecular Biological and Bacteriological Methods. Plasmids were constructed for this
study using standard procedures (Sambrook et al. 1989) and enzymes from New England Biolabs
and Invitrogen. Antibiotics were included in culture media at recommended concentrations
where appropriate (Hopwood et al. 1985). The following concentrations were used to select for
plasmid-containing E. coli cells: ampicillin, 50 µg/ml; kanamycin, 50 µg/ml; and apramycin, 200
µg/ml. For Streptomyces cultures, the following concentrations were used to select for
resistance-encoding plasmids: thiostrepton, 50 µg/ml (solid media) or 5 µg/ml (liquid media);
hygromycin, 200 µg/ml (solid media) or 20 µg/ml (liquid media); and apramycin, 50 µg/ml
(solid media) or 5 µg/ml (liquid media). Transformation of E. coli DH10B was carried out by
electroporation using a Bio-Rad Gene Pulser II electroporator according to the manufacturer’s
instructions, and transformation of all other E. coli strains was by chemical treatment as
described elsewhere (Sambrook et al. 1989). Transformation of Streptomyces was by the method
of Hopwood et al. (1985). Automated sequencing was performed on a model 310 genetic
analyzer (PE Applied Biosystems Inc.). The strains and plasmids used in this study are listed in
Table 2.1.
Plasmid Construction. Deletions from a single end of the 145-bp clt+ insert were made
by specific polymerase chain reactions (PCR) on plasmid pGSP260, which contains this region
from pIJ101 cloned as a BamHI fragment in the E. coli vector pSP72 (Promega). Deletions from
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TABLE 2.1. Bacterial strains and plasmids used in this study.
Strain or
plasmid

Relevant genotype or descriptiona

Source or reference

Strains
Escherichia coli
BL21(DE3)

Host for T7 polymerase/promoter-induced
expression of pIJ101 Tra protein; F- hsdS (rB- mK-)
gal with T7 RNA polymerase gene in chromosome

Studier and
Moffat 1986

BRL2288

Host for cloning; recA56 derivative of MC1061 [FaraD139 ∆(ara-leu)7679 ∆lacX74 galU galK hsdR2
(rK- mK-) mcrB1 rpsL]

Gibco BRL

DH10B

Host for cloning; F- mcrA ∆(mrr-hsdRMS-mcrBC)
φ80dlacZ∆M15 ∆lacX74 deoR recA1 endA1
araD139∆(ara-leu)7697 galU galK λ- rpsL nupG

Gibco BRL

K38

Host for T7 polymerase/promoter-induced
expression of pIJ101 KorB protein

Russel and Model
1984

Streptomyces lividans
JT46

S. lividans TK64 (pro-2 str-6) derivative deficient in Tsai and Chen
intraplasmid recombination
1987

TK23

spc-1

TK23.42

TK23 with the tra and korA genes of pIJ101 inserted Pettis and Cohen
into the chromosome
1994

Hopwood et al.
1985

Plasmids
pGP1-2

pACYC177 derivative with the T7 RNA polymerase Tabor and
Richardson 1985
gene under control of the inducible λ pL promoter
and the heat-sensitive λ repressor gene cI857

pGSP149

pIJ350 with pSP72 inserted at the PstI site (bla gene
transcribed in same direction as rep gene of pIJ101)

pGSP208

Pettis and Cohen
pSP72 with the 2.0-kb NruI-FspI region of pIJ101
1996
cloned as a blunt-end fragment at the BglII-SmaI
sites (tra gene is in orientation to be expressed by T7
promoter)

pGSP226

pSP72 with the 4.0-kb KpnI-BglII region of pHYG3
cloned at the same sites and with an XbaI linker at
HincII (nt 6867) of pIJ101

16

Pettis and Cohen
1994

This study

TABLE 2.1 continued
pGSP238

This study
pBluescript II+ (Stratagene) with the 3.3-kb FspI
region of pIJ101 containing korA and tra cloned as a
BamHI fragment at this site in the vector

pGSP250

pGSP226 deleted from the SmaI site in the
polylinker to SmaI (nt 7009) in korB

This study

pGSP260

pSP72 with the 145-bp clt+ region of pGSP250 (i.e.,
nt 6868-7012 of pIJ101) cloned as a BamHI
fragment at the BamHI site (korB sequences are
toward the T7 promoter)

This study

pGSP260-∆10L

pGSP260 with 10-bp insert deletion from HincII end This study

pGSP260-∆20L

pGSP260 with 20-bp insert deletion from HincII end This study

pGSP260-∆30L

pGSP260 with 30-bp insert deletion from HincII end This study

pGSP260-∆40L

pGSP260 with 40-bp insert deletion from HincII end This study

pGSP260-∆50L

pGSP260 with 50-bp insert deletion from HincII end This study

pGSP260-∆60L

pGSP260 with 60-bp insert deletion from HincII end This study

pGSP260-∆10R

pGSP260 with 10-bp insert deletion from SmaI end

This study

pGSP260-∆20R

pGSP260 with 20-bp insert deletion from SmaI end

This study

pGSP260-∆30R

pGSP260 with 30-bp insert deletion from SmaI end

This study

pGSP260-∆40R

pGSP260 with 40-bp insert deletion from SmaI end

This study

pGSP260-∆45R

pGSP260 with 45-bp insert deletion from SmaI end

This study

pGSP260-∆50R

pGSP260 with 50-bp insert deletion from SmaI end

This study

pGSP260-∆60R

pGSP260 with 60-bp insert deletion from SmaI end

This study

pGSP260-∆70R

pGSP260 with 70-bp insert deletion from SmaI end

This study

pGSP260-∆80R

pGSP260 with 80-bp insert deletion from SmaI end

This study

pGSP260-∆90R

pGSP260 with 90-bp insert deletion from SmaI end

This study

pGSP260∆60R∆30L

pGSP260 with 60- and 30-bp insert deletions from
SmaI and HincII ends, respectively

This study

pGSP260-T35

pGSP260 with Transprimer-1 inserted after nt
6924 of pIJ101

This study

pGSP260-T38

pGSP260 with Transprimer-1 inserted after nt
6923 of pIJ101

This study
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TABLE 2.1 continued
pGSP260-T42

pGSP260 with Transprimer-1 inserted after nt
6926 of pIJ101

This study

pGSP260-T95

pGSP260 with Transprimer-1 inserted after nt
6935 of pIJ101

This study

pGSP263

pIJ350 with pGSP260 inserted at the PstI site (clt
region in natural orientation relative to the pIJ101
rep gene)

Pettis and Cohen
1994

pGSP272

pGSP208 with the 145-bp clt+ region of pGSP260
cloned as a BamHI fragment in the BamHI site

This study

pGSP276

pSP72 with the 0.8-kb ApaI-BglII region of pIJ101
cloned as a blunt-end fragment at the EcoRV site

This study

pGSP278

pIJ350 with pGSP276 inserted at the PstI site

This study

pGSP280

pSP72 with the 0.3-kb Bsp120I-SpeI region of
pIJ101 cloned as a blunt-end fragment at the EcoRV
site

This study

pGSP282

pIJ350 with pGSP280 inserted at the PstI site

This study

pGSP287

pSP72 derivative with the 99-bp Sau3AI-HincII clt+
region of pIJ101 cloned as an XbaI fragment at the
XbaI site

This study

pGSP288

pIJ350 with pGSP287 inserted at the PstI site

This study

pGSP290

pSP72 containing the 1.0-kb PstI-BalI region of
pIJ101 cloned as a blunt-end fragment at EcoRV
(transcription of kilB is toward the T7 promoter)

Pettis and Prakash
1999

pGSP299

pSP72 with the ~220-bp BspMI region of pGSP260
cloned as a blunt-end fragment at the EcoRV site

This study

pGSP300

pSP72 with the 0.3-kb FspI-AvaI region of pGSP290 This study
cloned as a blunt-end fragment at the EcoRV site
(transcription from kilB promoter is toward the SP6
promoter)

pGSP301

This study
pGSP149 with the ~150-bp EcoRI fragment of
pGSP299 (including nt 6899-7012 of pIJ101) cloned
at the EcoRI site (a small deletion of duplicated
polylinker sequences occurred)

pGSP311

pSP72 with the 121-bp PstI-BstEII fragment of
pGSP300 containing the kilB promoter cloned at the
EcoRV site
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This study

TABLE 2.1 continued
pGSP325

pGSP260-∆10R with pIJ350 at the PstI site

This study

pGSP326

pGSP260-∆20R with pIJ350 at the PstI site

This study

pGSP327

pGSP260-∆30R with pIJ350 at the PstI site

This study

pGSP328

pGSP260-∆40R with pIJ350 at the PstI site

This study

pGSP329

pGSP260-∆45R with pIJ350 at the PstI site

This study

pGSP330

pGSP260-∆50R with pIJ350 at the PstI site

This study

pGSP331

pGSP260-∆60R with pIJ350 at the PstI site

This study

pGSP332

pGSP260-∆70R with pIJ350 at the PstI site

This study

pGSP333

pGSP260-∆80R with pIJ350 at the PstI site

This study

pGSP334

pGSP260-∆90R with pIJ350 at the PstI site

This study

pGSP336

pGSP260-∆10L with pIJ350 at the PstI site

This study

pGSP337

pGSP260-∆20L with pIJ350 at the PstI site

This study

pGSP338

pGSP260-∆30L with pIJ350 at the PstI site

This study

pGSP339

pGSP260-∆40L with pIJ350 at the PstI site

This study

pGSP340

pGSP260-∆50L with pIJ350 at the PstI site

This study

pGSP341

pGSP260-∆60L with pIJ350 at the PstI site

This study

pGSP344

pGSP260-T35 with pIJ350 at the PstI site

This study

pGSP346

pGSP260-T38 with pIJ350 at the PstI site

This study

pGSP347

pGSP260-T42 with pIJ350 at the PstI site

This study

pGSP351

pGSP260-T95 with pIJ350 at the PstI site

This study

pGSP354

pGSP260-∆60R∆30L with pIJ350 at PstI site

This study

pHYG1

Conjugally deficient Hygr deletion derivative of
pIJ101 lacking all known transfer functions

Kendall and
Cohen 1987

pHYG3

Conjugative Hygr derivative of pIJ101

Pettis and Cohen
1994

pIJ303

Conjugative Tsrr derivative of pIJ101

Kieser et al. 1982

pIJ350

Conjugally deficient Tsrr deletion derivative of
pIJ101 lacking all known transfer functions

Kieser et al. 1982

pOJ446

E. coli – Streptomyces shuttle vector which contains
the AAC(3)IV gene encoding apramycin resistance

Bierman et al.
1992
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TABLE 2.1 continued
pSCON26

pGSP260 with the ~1-kb AAC(3)IV (Amr) gene
from pOJ446 cloned at the EcoRI site

This study

pSCON27

pSCON26 with a second copy of the 145-bp clt+
region of pIJ101 and a PstI site near the korB end,
cloned at ClaI in the opposite orientation as the clt+
region of pGSP260

This study

pSCON28

pSCON26 with a second copy of the 145-bp clt+
region of pIJ101 and a PstI site near the korB end,
cloned at ClaI in the same orientation as the clt+
region of pGSP260

This study

pSCON39

pSCON28 with the 145-bp clt+ region at BamHI
replaced by two copies of the 54-bp minimal clt

This study

pSCON40

pSCON39 with a single copy of the 54-bp minimal
clt at BamHI in the same orientation as pGSP260

This study

pSCON43

pSP72 with the Streptomyces minimal replicon
pIJ350 containing the PstI insert from pSCON27, at
EcoRV of the vector

This study

pSCON45

pSP72 with the Streptomyces minimal replicon
pIJ350 containing the PstI insert from pSCON40, at
EcoRV of the vector

This study

pSCON46

pSCON43 with the ~3-kb korA – tra region of
pGSP238 cloned as an XbaI fragment at SpeI so that
korA is transcribed toward clt

This study

pSCON47

pSCON43 with the ~3-kb korA – tra region of
pGSP238 cloned as an XbaI fragment at SpeI so that
tra is transcribed toward clt

This study

pSCON50

pSCON45 with the ~3-kb korA – tra region of
pGSP238 cloned as an XbaI fragment at SpeI so that
korA is transcribed toward clt

This study

pSCON51

pSCON45 with the ~3-kb korA – tra region of
pGSP238 cloned as an XbaI fragment at SpeI so that
tra is transcribed toward clt

This study

pSP72

Apr E. coli cloning vector; contains T7 promoter

Promega

pT7-6

ColE1-based plasmid containing the T7 promoter

Tabor and
Richardson 1985

pT7-6-korB

pT7-6 with pIJ101 korB gene downstream of the T7
promoter

Tai and Cohen
1993
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TABLE 2.1 continued

a

pUT1579

R1162 with mutation that causes a tyrosine-tophenylalanine substitution at position 24 of the
MobA protein

Richard Meyer

R1162

Mobilizable E. coli plasmid

Richard Meyer

Hygr, Tsrr, Amr, and Apr designate hygromycin, thiostrepton, apramycin, and ampicillin
resistance, respectively. nt, nucleotide. clt region sequences for the plasmids listed between
(and including) pGSP325 and pGSP354 are in the natural orientation relative to the pIJ101 rep
gene. Nucleotide positions are those of Kendall and Cohen (1988).

both insert ends were created sequentially using pGSP260 as the initial template and the resultant
pGSP260 derivative deleted from a single end as the template for the second round of PCR. For
each PCR, one primer was complementary to relevant insert-vector junction sequences minus the
desired number of terminal insert bases (for deletions from the SmaI end, the first position of the
insert was always preserved for cloning purposes), and the opposing primer was complementary
to vector sequences near the other end of the insert. Following amplification for 30 cycles
(1 cycle consisted of 94°C for 30 s, 37°C for 1 min, and 72°C for 2 min) using Pfu polymerase
(Stratagene) in the presence of 10% dimethyl sulfoxide, DNA was purified and digested to
completion with BamHI, and deleted derivatives of the 145-bp clt+ sequence were cloned as
BamHI fragments into similarly digested pSP72. As judged by restriction mapping and
automated sequencing, plasmids with deleted inserts in the same orientation as the 145-bp clt+
sequence of pGSP260 were then inserted in the proper orientation into the PstI site of
Streptomyces plasmid pIJ350 to create specifically deleted versions of pGSP263 that were
otherwise identical.
To make pGSP263-like plasmids with insertions within the 145-bp clt+ region, plasmid
pGSP260 was mutagenized using the GPS-1 genome-priming system (New England Biolabs) as
specified by the manufacturer, and plasmids containing stable copies of kanamycin-resistant

21

Transprimer-1 transposons were used to transform E. coli to both kanamycin and ampicillin
resistance. To identify insertions within the 145-bp clt+ region, plasmid DNA extracted from
pooled transformant colonies was digested to completion with EcoRI and PstI and the fragment
corresponding in size to clt insert sequences plus single randomly integrated transprimer
insertions was purified, cloned into similarly digested pSP72, and used to transform E. coli to
dual ampicillin and kanamycin resistance. The position of the transposon on each of the
individual plasmid clones was determined by restriction mapping and automated sequencing, and
then these plasmids were inserted into pIJ350 as described above.
Plasmids for 2X clt mating assays were constructed through a series of steps which are
described in detail in the Results and Discussion section. The AAC(3)IV gene encoding
apramycin resistance was PCR-amplified from pOJ446 as described above using Pfu polymerase
and primers AAC3IVfor2 (5’-AAAAAGAATTCCTCACGGTAACTG-3’) and AAC3IVrev2
(5’-AAAAAGAATTCTCATGAGCTCAGCC-3’), which contain EcoRI-encoding sequences
(underlined) for insertion at this site in pGSP260. clt was amplified from pGSP260 by the same
method using primers ClaPstclt5 (5’AAAAAAATCGATCTGCAGCCCGGGCGTGGG-3’) and
ClaIclt3’ (5’-AAAAAAATCGATGACCCCCCGCAA-3’), which contain ClaI-encoding
sequences (underlined) at their ends. The forward primer (ClaPstclt5) also contains a PstIencoding sequence (bold underlined) immediately upstream of the 145-bp clt+ region (i.e., near
the korB end) which was used in subsequent cloning steps.
Analysis of Curvature within clt-korB Sequences and Potential Processing at clt. A
previously described method (Wu and Crothers 1984) was used to determine whether clt-korB
sequences are intrinsically curved. Plasmid pGSP260 and several of its deletion derivatives were
linearized with MluI within the 145-bp clt+ insert or with FspI far away from the insert (and thus
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far from this same potentially bent region). Following electrophoresis through 5%
nondenaturing polyacrylamide gels for 18 h at 80 V, migration distances of the linear molecules
were determined. For a given gel, a mobility difference value was calculated by determining the
ratio of the migration distance of MluI-digested pGSP260 minus the migration distance of FspIdigested pGSP260 to the migration distance of MluI-digested pGSP260. Using the values from
three separate experiments, an average mobility difference expressed as a percentage was
determined. As a control, pSP72 vector DNA linearized either at BamHI, the site of cloning of
clt-korB sequences in pGSP260, or at FspI was subjected to identical electrophoresis and then
analyzed in a comparable manner.
A method which previously allowed for the detection of single-stranded nicking at the
oriT locus of plasmid R1162 (Perwez and Meyer 1996) was used to analyze clt for potential
processing by the pIJ101 Tra protein or one or more host-encoded functions. In E. coli, plasmid
pGSP272, which contains the pIJ101 clt locus as well as the pIJ101 tra gene under control of the
T7 promoter, was used to test for processing by Tra as induced from T7 by the addition of
IPTG to exponentially growing E. coli BL21(DE3) cells (Pettis and Cohen 1996). In
Streptomyces, plasmid pGSP263 (Table 2.1) was examined for processing in strain TK23.42,
which contains a chromosomally integrated copy of the tra gene. E. coli cells containing
potentially processed plasmids were treated as previously described (Willetts and Wilkins 1984)
to release protein-plasmid DNA complexes, and then subjected to analysis by primer extension,
also as previously described (Perwez and Meyer 1996). Streptomyces cells were grown in 25 ml
of liquid yeast extract-malt extract (YEME) medium (Hopwood et al. 1985) to stationary phase,
harvested, and then resuspended in 2 ml of P buffer (Hopwood et al. 1985). 400 µl of a 60
mg/ml lysozyme solution in P buffer was added, yielding a volume of 2.4 ml and a final
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lysozyme concentration of 10 mg/ml; protoplast formation was induced by incubating the
mycelia for 1 hour at 30°C. Thirty minutes into the incubation, 800 µl of 0.25M EDTA (pH 8.0)
was added to the mycelia, for a final volume of 3.2 ml. Next, 32 µl of RNase at 10 mg/ml was
added, yielding a final concentration of 100 µg/ml. 3.2 ml of lysis buffer (Willetts and Wilkins
1984) was added to the protoplasts, and following incubation on ice for 5 to 10 minutes (until
viscous and clear), lysates were centrifuged at 22,000 x g for 15 minutes. At this point, lysates
were treated with SDS and proteinase K to remove protein, as described previously for E. coli
(Willetts and Wilkins 1984). Potential protein-plasmid DNA complexes from Streptomyces were
then analyzed identically as those isolated from E. coli.
Mating Assays. Transfer frequencies for plasmids containing deletions of or insertions
within the 145-bp clt+ region of pIJ101 were determined as described previously (Pettis and
Cohen 1994), except that they were expressed relative to the frequency seen for plasmid
pGSP263. S. lividans TK23.42, which contains chromosomally-integrated copies of the pIJ101
tra and korA genes (Pettis and Cohen 1994), was the donor strain for transfer of pGSP263-like
plasmids with mutations in the 145-bp clt+ region. S. lividans TK23 containing the nonconjugative, hygromycin-resistant minimal replicon pHYG1 served as the recipient. Donor
spores were mixed with an excess of recipient spores on non-selective malt extract-yeast extract
(MY) agar (Pettis and Cohen 1994), then allowed to co-cultivate for one life cycle. Resultant
spores were collected and total numbers of donors, recipients, and transconjugants were
quantified by spotting dilutions on Luria-Bertani (LB) agar (Sambrook et al. 1989) containing
thiostrepton, hygromycin, and both antibiotics, respectively. Transfer frequencies for individual
matings were defined as the ratio of transconjugants to donors expressed as a percentage, and
relative transfer frequencies were determined by dividing the average ratio of transconjugants to
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donors from four independent matings involving a given plasmid by that same average ratio from
four independent matings involving pGSP263 and then multiplying by 100%.
2X clt mating assays were performed similarly, with the following modifications. To
prevent recombination between clt copies that was not dependent on the conjugation event, S.
lividans JT46 (Tsai and Chen 1987), a derivative of S. lividans TK64 specifically defective in
intraplasmid recombination, was used as both the donor and recipient strains. Thiostreptonresistant, apramycin-resistant donor plasmids containing copies of the pIJ101 tra and korA genes
were transferred from the JT46 donor to the JT46 recipient containing pHYG1. Following
mating, donors were quantified on LB containing thiostrepton and apramycin (TA), recipients
were quantified on LB containing hygromycin, and transconjugants were quantified on both LB
containing thiostrepton and hygromycin (TH) as well as LB containing thiostrepton,
hygromycin, and apramycin (THA). In four separate mating assays with each donor plasmid,
ratios of TH/TA and THA/TA were determined, and average transfer frequencies were
determined from these values.
RESULTS AND DISCUSSION
Localization of the pIJ101 clt Locus. Previous DNA insertions (Kendall and Cohen
1987, Pettis and Cohen 1994) in the region immediately downstream of korB on pIJ101 (Fig.
2.1) suggested that the clt locus spans the MluI site and possibly the adjacent ApaI/Bsp120I
recognition sequence but does not appear to extend to the Sau3AI site located 2 bp beyond the
korB ORF (Pettis and Cohen 1994). To test these possibilities, portions of the region
downstream of korB were inserted into pIJ350, a thiostrepton-resistant, transfer-defective pIJ101
derivative in which all transfer-related sequences are deleted (Kieser et al. 1982). The resulting
clones were tested in mating assays for their ability to be transferred from S. lividans TK23.42, a
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FIG. 2.1. Relative transfer frequencies of clt region plasmid constructs. The physical
map for the 145-bp clt+ sequence present on plasmid pGSP263 (Pettis and Cohen 1994) is
shown. Portions of this sequence that are within (44 bp) and downstream of (101 bp) the 3'
end of the korB ORF (small arrow) are indicated. For each additional construct, the solid
horizontal line represents the portion of the 145-bp sequence present in that clone. Small
vertical lines bracketing horizontal lines indicate cloning junctions in relation to the physical
map. Nonbracketed ends for pGSP278 and pGSP282 indicate that pIJ101 sequences
extending beyond the 145-bp region in the directions shown are present on these plasmids.
For plasmids pGSP325 to pGSP354, the indicated incremental deletions (dotted-line portions)
from either or both ends of the 145-bp clt+ insert of plasmid pGSP263 were constructed using
a PCR-based method as described in Materials and Methods. For constructs not derived by
PCR, including the transfer-defective pIJ350 derivative pGSP149, which lacks the 145-bp clt+
region of pIJ101, the number of deleted base pairs is not applicable (N/A). Transfer
frequencies are reported relative to pGSP263, determined as described in Materials and
Methods. Restriction sites for ApaI-Bsp120I (A/B), BspMI (Bs), HincII (Hi), MluI (M),
Sau3AI (Sa), and SmaI (Sm) are indicated.
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strain containing chromosomal copies of the pIJ101 tra and korA genes (Pettis and Cohen 1994),
to S. lividans strain TK23 containing the hygromycin-resistant, transfer-defective pIJ101
derivative pHYG1 (Kendall and Cohen 1987).
Plasmids pGSP278 and pGSP282, whose inserts include clt region sequences
downstream of korB either to the right or to the left, respectively, of the ApaI-Bsp120I restriction
site as shown in Fig. 2.1, both showed significant reductions (i.e., by nearly 100- and 25-fold,
respectively) in transfer frequency compared to pGSP263, although both still transferred at
higher frequencies (i.e., by approximately 8- and 26-fold, respectively) than pGSP149, a pIJ350
derivative that lacks the 145-bp clt+ region present on pGSP263. Plasmid pGSP288, a derivative
of pGSP263 which contains sequences only to the right of the Sau3AI site as shown in Fig. 2.1
and therefore lacks the entire korB portion of the parental plasmid, was moderately reduced by
about 40% in its transfer frequency. These results, taken together with the previous data (Pettis
and Cohen 1994), thus implicate sequences spanning both the MluI and ApaI-Bsp120I restriction
sites downstream of korB as comprising at least a portion of the clt locus while also suggesting
that sequences extending into korB, although not part of the locus, may also contribute to clt
activity, albeit less significantly.
To determine the clt locus endpoints downstream of korB, a series of incremental
deletions from either or both ends of the 145-bp clt+ pGSP263 insert were constructed using a
PCR-based protocol, and the resulting deletion derivatives were then tested as described in
Materials and Methods for plasmid transfer. While nested deletions of 44 bp or less from the
SmaI end within korB would not remove sequences beyond the end of the korB ORF (Fig. 2.1)
and therefore were not expected to yield information regarding the position of the downstream
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clt locus, such clones were nevertheless included in the deletion series since they were useful in
evaluating the potential involvement of 3' korB sequences in clt function.
Beginning with insert deletions originating from the SmaI end (Fig. 2.1), removal of up to
60 bp (i.e., pGSP331), or to a position 17 bp downstream from the 3' end of the korB ORF,
occurred without dramatic effects on plasmid transfer frequency. However, deletion of an
additional 10 bp (i.e., plasmid pGSP332) reduced transfer relative to pGSP263 by about 100fold, to a level that was only approximately 6-fold higher than that of the transfer-defective
plasmid pGSP149, which completely lacks the 145-bp clt+ region. Deletions of 80 bp
(pGSP333) and 90 bp (pGSP334) (Fig. 2.1) from the SmaI end were judged to completely
eliminate clt function, since the resulting plasmids transferred at relative frequencies (0.056 and
0.028%, respectively) no greater than that seen for pGSP149 (0.16%).
Deletions from the opposing HincII end of the pGSP263 insert showed a similar pattern
of clt activity: while removal of up to 30 bp (pGSP338) had only minor effects on plasmid
transfer, deletion of 40, 50, or 60 bp significantly reduced the transfer frequencies of the
resulting plasmids (pGSP339 to pGSP341, respectively) by approximately 30- to 70-fold relative
to that of pGSP263 (Fig. 2.1). Taken together, our deletion data suggest that sequences critical
for clt function lie within a region of pIJ101 no greater than 54 bp (i.e., the sequence between the
opposing deletion endpoints present in plasmids pGSP331 and pGSP338) which begins 17 bp
downstream from the korB ORF. Consistent with this assignment, plasmid pGSP354, which by
deletion of 60 bp from the SmaI end of the pGSP263 insert and 30 bp from the HincII end retains
only this 54-bp region, transferred at a relative frequency (70%) that was still comparable to that
of pGSP263 (Fig. 2.1). We will refer to this 54-bp sequence as the minimal clt locus, which, in
conjunction with the pIJ101 tra gene, results in an increase of approximately two orders of
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magnitude in transfer efficiency relative to transfer-defective plasmids (e.g., pGSP149). The
term "minimal" has been included in the locus name since, as we show below, sequences
extending beyond this sequence and into korB can influence clt function to lesser but
nevertheless significant extents.
Characterization of the Minimal clt Locus. As shown in Fig. 2.2, the minimal clt locus
contains a single imperfect inverted-repeat sequence (designated IR) along with three copies of
the direct-repeat sequence 5'-G(A/C)AAC (designated DR-1, DR-2, and DR-3). As is the case
for cis-acting oriT regions of other conjugative plasmids, some or all of these repeats may
represent sites of functional interaction with proteins involved in pIJ101 transfer (Lanka and
Wilkins 1995). Despite this similarity, however, it should also be noted that in contrast to known
oriT regions (Lanka and Wilkins 1995), clt has an AT content (29.6%) that is not higher than that
of its flanking sequences, and it is located in a region of the plasmid known to be transcribed
(Deng et al. 1987); further, none of the strongly conserved, albeit limited, sequence motifs that
are characteristic of the three known groups of oriT sites (Lanka and Wilkins 1995) are present
in the minimal clt locus (data not shown).
That the IR sequence represents the single most important functional region within the
minimal clt locus is implied by the results for plasmid pGSP333 (Fig. 2.1), in which nearly all of
the IR sequence is deleted (i.e., to a position 20 bases within the left boundary of clt as shown in
Fig. 2.2) and which, as noted above, is reduced in its transfer to frequencies not higher than those
for a plasmid completely lacking clt region sequences (Fig. 2.1). This notion is also supported
by a previous DNA insertion at the MluI site of pIJ101 (i.e., within the right arm of the inverted
repeat of the clt locus as shown in Fig. 2.2), which resulted in a complete loss of plasmid transfer
(Pettis and Cohen 1994).
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FIG. 2.2. Localization and relative transfer frequencies of Transprimer transposon
insertions within the minimal clt locus of plasmid pIJ101. As defined by the functional
analysis described in the text, the 54-bp sequence comprising the minimal clt locus is shown.
Small arrows below the sequence indicate the location and direction of one set of imperfect
inverted repeats (IR), and three direct repeats (DR). Transprimer transposon insertions were
isolated as described in Materials and Methods at the positions indicated on plasmid
pGSP260, which contains the 145-bp clt+ region of pIJ101 (Fig. 2.1). Matings involving
pGSP263 derivatives containing these insertions (i.e., pGSP344, pGSP346, pGSP347, and
pGSP351) were performed and quantified as described in Materials and Methods. Relative
transfer frequencies (shown in parentheses for each plasmid) were also calculated as
described in Materials and Methods, using the results of four independent matings (except for
pGSP347, where the results of two independent matings were used). The MluI and ApaIBsp120I recognition sequences within the minimal clt locus are in bold. The distances in base
pairs from clt to the korB and korA ORFs (whose directions are indicated by the large arrows)
are indicated.

In contrast, deletions from the opposite (i.e., korA) direction that removed portions of the
DR region (i.e., plasmids pGSP339 and pGSP340) reduced plasmid transfer significantly but not
to the same extent as did the opposing deletions that removed the IR sequence (Fig. 2.1), a result
that suggests that the DR sequences may play a relatively less significant role than the IR motif
in overall clt function. Evidence supporting the notion that the DR-3 sequence, specifically, is
involved in clt transfer function was provided by results obtained with plasmid pGSP301 (Fig.
2.1), an additional derivative of pGSP263 in which cleavage with the enzyme BspMI resulted in
removal of 31 bp from the HincII end of the 145-bp clt+ sequence; such a deletion thus included
removal of the 3' C position of the 5'-GCAAC DR-3 sequence, as shown in Fig. 2.2, and thereby
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resulted in a nearly 30-fold reduction in transfer frequency for pGSP301 compared to pGSP263
(Fig. 2.1).
Previous DNA insertions (Kendall and Cohen 1987) at the HaeIII site located
downstream of korB on pIJ101 (this HaeIII site is within the ApaI-Bsp120I recognition sequence
of the minimal clt locus) (Fig. 2.2) reduced pIJ101 transfer significantly, although not to the
same extent as did the insertion at the nearby MluI site (Pettis and Cohen 1994) within the IR
region. Although the insertions at HaeIII occur within the minimal clt locus, they disrupt neither
IR sequences nor DR sequences but, rather, add DNA to the portion located between them. To
assess better the relative contribution of this intervening sequence to clt function, we isolated
additional DNA insertions within this region of the minimal clt locus and tested their effects on
clt transfer activity.
Using the GPS-1 genome priming system, we obtained four stably inserted Transprimer 1
transposon insertions (Fig. 2.2) at unique positions between the IR and DR regions of the
minimal clt locus (because of a 5-bp target site duplication upon integration of Transprimer
transposons, the pGSP346 insertion leaves the DR-1 repeat intact relative to the rest of the DR
region). Since these insertions caused 30- to 90-fold reductions in transfer frequency relative to
pGSP263 (Fig. 2.2), these results demonstrate that either the exact sequence or the spacing
between the two repeat regions is also important for clt function. Moreover, given that the
transfer reductions for these insertions, including that of plasmid pGSP351, whose insertion is
located just outside of the IR region, are reminiscent of the less severe reductions seen for
deletions that removed the DR region (Fig. 2.1), these results provide additional complementary
evidence that the IR motif is the most critical functional sequence within the minimal clt locus.
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Sequences Extending into korB Influence clt Function. The moderate although
consistent reduction in transfer frequency for plasmid pGSP288, the pGSP263 derivative with
the korB portion of the original 145-bp clt+ sequence deleted (Fig. 2.1), prompted us to examine
further the potential for involvement of 3' korB sequences in clt function. While deletion of only
10 bp of korB sequence from the SmaI end of the pGSP263 insert (i.e., plasmid pGSP325) did
not cause a reduction in transfer (Fig. 2.1), incremental deletions of 20, 30, and 40 bp of korB
sequence, as well as deletion of 45 bp to a position just beyond the end of the korB ORF, all
reduced transfer of the resulting plasmids (i.e., pGSP326 to pGSP329) to frequencies that ranged
approximately two- to fourfold less than (Fig. 2.1), and greater than one standard deviation apart
from (data not shown), the frequency seen for pGSP263. Thus, sequences extending as much as
33 bp into the 3' end of the korB ORF (i.e., the deletion endpoint for pGSP325) appear to be
capable of influencing clt transfer activity. An ancillary role in clt function for sequences
extending beyond the minimal clt locus toward korB is also supported by the results for a
previous DNA insertion (Kendall and Cohen 1987) on pIJ101 at the Sau3AI site located just
downstream from the korB ORF (Fig. 2.1), which is now known to be located between korB and
clt and which was previously shown to cause an approximate threefold reduction in plasmid
transfer (Pettis and Cohen 1994).
Interestingly, deletions of 50 bp (pGSP330) and 60 bp (pGSP331) from the korB end of
the pGSP263 insert that extend to positions further into the region between korB and clt had no
obvious consequence on clt transfer function compared to the results seen for plasmids pGSP326
to pGSP329 (Fig. 2.1); thus, such additional deletion of DNA seemed to in effect restore transfer
to frequencies comparable to those for pGSP263. While the basis for this apparent restoration
effect remains undetermined, the results nevertheless indicate that clt sequences present on the
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deletion derivatives pGSP330 and pGSP331 can function as efficiently as the clt locus present on
pGSP263 despite missing all or nearly all of their natural flanking sequences in the korB
direction.
The clt-korB Region of pIJ101 Is Intrinsically Curved. The observed contribution to
the clt function of sequences outside of the minimal clt locus led us to consider the possibility, as
has been analogously proposed for certain oriT loci (Wilkins and Lanka 1993), that higher-order
structuring of DNA and protein within the clt-korB region may be an intrinsic feature of efficient
pIJ101 transfer. If such a scenario is accurate, sequences within the korB ORF may, for
example, play a role in ensuring proper structuring of clt DNA or perhaps serve as additional
points of contact for transfer proteins interacting at clt. Since such three-dimensional structuring
is believed to rely on specific sequence components, including intrinsically bent or curved DNA
(Wilkins and Lanka 1993), we assessed the potential for curvature within the 145-bp clt+ region
of pIJ101 using the algorithm of Goodsell and Dickerson (Goodsell and Dickerson 1994) along
with DNase I-based parameters (Brukner et al. 1995) and the consensus bendability scale for
DNA (Gabrielian and Ponger 1996) as supplied by the bend-it server. This analysis predicted
that the clt-korB region of pIJ101 contained significant curvature (i.e., several regions within the
145-bp clt+ sequence approached 6°/helical turn and thus exceeded the 5°/helical turn threshold
level for experimentally determined curved sequences) (data not shown).
Using a protocol devised by Wu and Crothers (1984) in which the gel mobility of
linearized plasmid DNA containing a bent sequence motif is retarded when the bend is
positioned close to the middle of the DNA molecule with respect to when it is present near the
end, we tested directly for intrinsic curvature of clt-korB sequences as contained on the pSP72
derivative plasmid pGSP260 (Fig. 2.3A). As shown in Fig. 2.3B, the somewhat impeded
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FIG. 2.3. Gel mobility assay to detect intrinsic curvature within the clt-korB region of
pIJ101. (A) Physical and genetic map of plasmid pGSP260 as it pertains to gel mobility
assays. Plasmid pGSP260 contains the 145-bp clt+ region of pIJ101 (Fig. 1) cloned as a
BamHI fragment into the BamHI polylinker site of the E. coli vector pSP72. The relative
positions of the MluI site (in clt) and FspI site (in the β-lactamase [bla] gene) are indicated.
(B) Gel mobility assay. Plasmid pSP72 digested with either BamHI (B) or FspI (F) and
pGSP260 digested with either MluI (M) or FspI (F) were electrophoresed on polyacrylamide
gels, as described in Materials and Methods, alongside HindIII-digested λ DNA size markers,
and following electrophoresis, the gel was stained with ethidium bromide and saved as a
digital image using an Eagle Eye II still video system (Stratagene). (C) Average mobility
differences for pSP72 derivatives containing pIJ101 clt-korB sequences, determined as
described in Materials and Methods.
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migration of FspI-digested pSP72 itself relative to pSP72 linearized with BamHI, which was
determined to be an average mobility difference of 0.83 ± 0.08% (Fig. 2.3C), indicates that the
vector shows some detectable curvature, perhaps involving polylinker cloning sequences;
however, addition of the clt-korB region of pIJ101 caused a more obvious analogous disparity in
migration between pGSP260 molecules linearized within clt and those linearized far away from
the insert (Fig. 2.3B) and resulted in an average mobility difference for pGSP260 (Fig. 2.3C,
1.86 ± 0.19%) that was greater than twofold and was separated by at least four standard
deviations from the value seen for pSP72. Using a standard curve calculated from
accompanying λ HindIII-digested size markers (data not shown), linear pGSP260 molecules with
curved clt-korB sequences in the middle appeared to be over 80 bp larger than identical
molecules with clt-korB at the ends, and this apparent disparity in size was an increase of at least
50 bp over the moderate size disparity observed for pSP72 vector alone.
As indicated by the earlier deletion analysis, sequences within the 3' end of the pIJ101
korB gene influence clt transfer function (Fig. 2.1). To determine whether these sequences also
contribute to the observed bending of clt-korB DNA, we performed identical gel mobility
experiments on pGSP260 derivatives with 10 through 45 bp deleted from the korB end of the
145-bp clt+ insert region (Fig. 2.1). The results (Fig. 2.3C) indicated that deletion of up to 30 bp
appeared to have no effect on curvature since the average mobility differences for plasmids
pGSP260-∆10R, pGSP260-∆20R, and pGSP260-∆30R were unchanged relative to pGSP260.
Deletions of 40 bp (pGSP260-∆40R) and 45 bp (pGSP260-∆45R) resulted in a significant
decrease and increase, respectively, in average mobility difference, which may reflect changes in
either the magnitude or direction of DNA bending (Crothers et al. 1990). Deletions of 50 and
60 bp into the region between korB and the minimal clt locus (Fig. 2.1) on pGSP260 again
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caused significant reductions in average mobility differences for these clones relative to that of
pGSP260 and so indicated that such deletions had additional effects on the curvature of this
region (Appendix B). These data therefore show that deletions extending to positions within and
beyond korB gene sequences can affect the observed curvature of the clt-korB region. The
apparent lack of correlation between the effects of deletions within korB on clt activity (Fig. 2.1)
and their effects on DNA bending (Fig. 2.3C) may indicate that sequences beyond the minimal
clt locus affect the function of clt by some mechanism other than simply through their
contribution to the intrinsic curvature of this plasmid region.
Analysis of Potential Protein Interactions with clt. To detect potential interaction of
the Tra protein with clt sequences, we performed gel shift analysis involving 32P-labeled, linear
double-stranded DNA containing the 145-bp clt+ region of pIJ101 (Fig. 2.1) along with Tracontaining crude extracts prepared (Thompson et al. 1984) from either relevant E. coli cells
containing plasmid pGSP208 or S. lividans cells containing the conjugative pIJ101 derivative
pIJ303 (Kieser et al. 1982). Plasmid pGSP208 was previously shown to allow inducible
production of the pIJ101 Tra protein in E. coli cells expressing T7 RNA Polymerase (Pettis and
Cohen, 1996). As a control, we tested the previously described ability of the pIJ101 KorB
protein present in identically prepared extracts of relevant E. coli or S. lividans cells to bind to
radiolabeled kilB promoter sequences (Tai and Cohen 1993). Using protein binding and gel
electrophoresis conditions that allowed the detection of KorB binding to kilB promoter
determinants, no specific binding of clt DNA by Tra-containing E. coli or S. lividans cell extracts
was observed (Appendix B). Since no interactions were detected between linear clt DNA and
proteins present within S. lividans cell extracts, we also therefore saw no evidence for binding of
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clt by any putative host factors that might be involved in pIJ101 transfer (Pettis and Cohen
1994).
While it has been reported that pIJ101 is transferred in a double-stranded form (Possoz et
al. 2001), it remains to be determined whether the plasmid is in a double-stranded circular
conformation during conjugation, or if it is linearized as part of the transfer process. To address
this question, we examined potentially processed (i.e., by a double-stranded cleavage event) clt
sequences in vitro following their isolation from cells expressing Tra protein. Site- and strandspecific nicking within oriT regions of plasmids from gram-positive bacteria has been
demonstrated (Climo et al. 1996, Wang et al. 1995) through expression of their relaxase proteins
in E. coli cells that also contain cloned cognate oriT sequences on an E. coli plasmid replicon;
relevant transfer-related plasmid DNA-protein complexes (i.e., complexes that include plasmid
molecules that are site-specifically nicked and covalently attached to their relaxase protein) have
been isolated using purification procedures developed for E. coli (Willetts and Wilkins 1984).
Here, plasmid pGSP272, a clt+ derivative of plasmid pGSP208 was used to test whether Tra
could site-specifically cleave the clt locus in the heterologous host. Following induction of Tra
protein expression as described previously (Pettis and Cohen 1996), potentially processed
pGSP272 plasmid DNA was isolated from induced cells and analyzed for single- or doublestranded nicking by a sensitive primer extension-based method previously described for E. coli
plasmid R1162 (Perwez and Meyer 1996). Under plasmid isolation and assay conditions that
readily showed site-specific nicking of plasmid R1162 by its relaxase protein, no obvious
nicking of either strand of the clt locus was seen in E. coli cells expressing the pIJ101 Tra protein
(Appendix B).
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Since processing of clt was not detected in the heterologous host expressing the Tra
protein, we next looked for potential processing in the natural host, S. lividans, where Tra or a
potential host-encoded factor may mediate the event. S. lividans strains TK23 and TK23.42
were transformed with plasmid pGSP263, which contains the 145-bp clt+ region; by comparing
these two strains, any processing of clt sequences specifically by the Tra protein (as present in
TK23.42) would be apparent. Submerged cultures of both strains were grown to stationary
phase, and following preparation of protoplasts, these were subjected to the same lysis procedure
used to isolate potential transfer-related plasmid DNA-protein complexes from E. coli (Willetts
and Wilkins 1984), and potentially processed plasmids were analyzed by the same primer
extension method described above. No obvious conjugation-dependent cleavage site was
observed on either strand of clt in TK23 or TK23.42, and no bands indicative of processing
within clt were identified in the presence of Tra (in TK23.42) that were not also present in the
absence of Tra (in TK23) (Appendix B). Our results thus do not provide evidence that clt is
processed prior to pIJ101 transfer, and therefore the plasmid may be mobilized as a circular
molecule. However, if double-stranded cleavage does occur at clt prior to conjugative plasmid
transfer, it may take place on only a limited subset of this high copy plasmid within cells and
therefore may not be detected by this method. If conjugation-dependent double-stranded
processing within clt can eventually be demonstrated by increasing the sensitivity of the
detection method, for example, it will be interesting to determine whether this reaction, like
pIJ101 transfer itself, is a temporally regulated event during the complex S. lividans life cycle
(Pettis and Cohen 1996). Finally, it should be noted that if processing does occur within clt, it
may take place only during surface growth of S. lividans, where conjugation readily occurs,
instead of in submerged culture (as examined here), where plasmid transfer has not been detected
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(Hopwood et al. 1985). Methods to detect such processing in mating Streptomyces cells, as well
as to determine the detection limits of the primer extension method, are currently being
developed.
2X clt Mating Assays. Our next approach to define the role of clt in pIJ101 transfer and
to confirm that pIJ101 transfer is distinguishable from the classic single strand mechanism has
been used previously to demonstrate conjugation-dependent recombination between tandem
copies of oriT from E. coli plasmid R1162 in vivo (Brasch and Meyer 1987). Because of the
rolling circle-like transfer mechanism employed by this and other conjugative plasmids (Lanka
and Wilkins 1995), two copies of oriT which are cloned on a plasmid in the same orientation, but
separated by an antibiotic resistance gene, will result in the loss of antibiotic resistance in
transconjugants via recombination between oriT sites during mating. Following nicking at one
oriT site, transfer of the nicked stand proceeds normally in the proper direction (Lanka and
Wilkins 1995) until the second oriT is encountered by the relaxase and then nicked, at which
time transfer is terminated. Although endonucleolytic cleavage may occur at either copy of oriT,
only nicking of the one which allows for transfer of the replicon will lead to a viable plasmid
entering the recipient (Brasch and Meyer 1987). This results in transfer of a nearly complete
plasmid copy (minus the intervening antibiotic resistance gene) which contains a single oriT
composed of two previously separate copies (Brasch and Meyer 1987). To demonstrate that
conjugation-dependent recombination between the oriT sites has occurred, transconjugants are
initially screened for antibiotic sensitivity compared to resistant donors, and then conjugationdependent recombination may be confirmed by restriction digestion analysis of the resultant
plasmids, as well as by sequencing. When this experiment was performed using oriT from
R1162, transconjugants lost the intervening antibiotic resistance gene with a frequency of up to
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74% (Brasch and Meyer 1987). Finally, both donor and recipient strains must be deficient for
intraplasmid recombination to avoid loss of the intervening sequence due to non-conjugation
dependent mechanisms in the cell which may take advantage of the identity shared by the
tandem cis-acting loci.
We tested pIJ101-derived plasmids for conjugation-dependent recombination between
tandem copies of clt during mating with strain S. lividans JT46, a TK64 derivative deficient for
intraplasmid recombination (Tsai and Chen 1987), serving as the donor and recipient. Unlike the
mating assays used to define the minimal clt locus described above, here tra and korA were
cloned on the donor plasmids and not on the chromosome of the donor strain. A series of
plasmids were created as illustrated in Fig. 2.4, culminating with the construction of pSCON43,
pSCON45, pSCON46, and pSCON50, which were used to generate plasmids capable of
replication in Streptomyces for mating assays. First, the AAC(3)IV gene from cosmid pOJ446,
encoding resistance to apramycin in both E. coli and Streptomyces, was PCR-amplified as
described in Materials and Methods. This gene was inserted at the EcoRI site of pGSP260 so
that it was transcribed in the direction of the inverted repeats of clt at BamHI (i.e., the korB end
of the 145-bp region), mimicking the natural situation on pIJ101 in which korB is transcribed
toward clt; the resulting plasmid was designated pSCON26. To insert the ClaI-flanked second
copy of clt, the 145-bp clt+ region of pGSP260 was PCR-amplified as described in Materials and
Methods, and then inserted at the ClaI site of pSCON26. Insertions of this fragment in both
orientations were obtained: pSCON27, with the second copy of clt in the opposite orientation as
that of clt at BamHI, and pSCON28, with the second clt in the same orientation as clt at BamHI.
A PstI site was also engineered into the PCR-amplified insert sequence to facilitate later cloning
steps (see Materials and Methods and Fig. 2.4 for details). To reduce the amount of identical
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FIG. 2.4. Construction of plasmids for 2X clt assay. The series of steps leading to the
creation of plasmids pSCON43∆pSP72, pSCON45∆pSP72, pSCON46∆pSP72, and
pSCON50∆pSP72, used to assess conjugation-dependent recombination between clt loci, are
represented by the figure, and next to each step is a summary of the procedure as described in
detail in the text. The arrows represent single cloning steps, and each circle represents a
plasmid used or created during the process. Solid circles indicate that plasmids are capable of
replication in E. coli, while dashed circles represent plasmids capable of replication in
Streptomyces. For each plasmid, diagrams (which are not to scale) of relevant plasmid loci
and restriction sites are indicated next to the circles. With respect to clt loci, the “I” and “D”
designations refer to inverted and direct repeats, respectively (Fig. 2.2), and indicate the
directionality of clt, while the “145” refers to the 145-bp clt+ region of pIJ101 and “54” refers
to the 54-bp minimal clt sequence. Restriction sites represented by vertical lines extending
from the plasmid regions are ClaI (C), EcoRI (E), SpeI (S), and PstI (P).
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sequence flanking the AAC(3)IV gene, and thus reduce the potential for recombination between
clt copies unrelated to conjugation, pSCON28 was further modified by replacing the 145-bp clt+
region at BamHI with the analogous region of pGSP260∆60∆30, which contains the 54-bp
minimal clt. The resulting plasmid, pSCON39, contains two copies of the insert, as verified by
restriction digestion analysis and automated sequencing; by digestion with SpeI followed by religation, a single copy of the minimal clt in the proper orientation was obtained, yielding
pSCON40. The PstI regions of pSCON27, which contains a single copy of the 145-bp clt+
region and the AAC(3)IV gene, and pSCON40, which contains a copy of the 145-bp clt+ region
and a copy of the minimal clt in tandem separated by the AAC(3)IV gene, were inserted into
pIJ350 and transformed into S. lividans JT46 to yield intermediate plasmids which replicate only
in Streptomyces. pSP72 was then inserted at the EcoRV sites within the thiostrepton resistanceencoding genes of these two Streptomyces plasmids, yielding pSCON43 and pSCON45. pSP72
was subsequently deleted from these plasmids to form pSCON43∆pSP72 and pSCON45∆pSP72,
which served as negative controls in the 2X clt mating assays. Next, the 3-kb korA-tra region of
pGSP238 was cloned as a XbaI fragment at SpeI of pSCON43 and pSCON45 to make these
plasmids capable of conjugative transfer; insertions in the orientation similar to the natural
placement on pIJ101 in which korA is transcribed toward clt were obtained, yielding pSCON46
and pSCON50 (see Table 2.1 and Fig. 2.4 for details). Finally, by EcoRV digestion to remove
pSP72 followed by re-ligation, plasmids which replicate in Streptomyces were obtained
(designated pSCON46∆pSP72 and pSCON50∆pSP72).
Once pSCON46∆pSP72 and pSCON50∆pSP72 were constructed, they were transformed
separately into S. lividans JT46, as were pSCON43∆pSP72 and pSCON45∆pSP72, for transfer
to JT46 containing pHYG1. Following mating, transfer frequencies were assessed by
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determining the ratio of transconjugants resistant to thiostrepton and hygromycin over donors
resistant to thiostrepton and apramycin (TH/TA), as well as the ratio of transconjugants resistant
to thiostrepton, hygromycin, and apramycin over donors resistant to thiostrepton and apramycin
(THA/TA). The TH/TA ratio was calculated to determine transfer frequencies regardless of
whether or not recombination has occurred between clt loci, while the THA/TA ratio was
expected to indicate potential conjugation-dependent recombination, as lower (or non-existent)
transfer frequencies would signify loss of apramycin resistance via recombination between the
clt copies.
Results of the 2X clt mating assays are given in Table 2.2. The four donor plasmids
contained either one copy of clt (pSCON43∆pSP72 and pSCON46∆pSP72) to serve as a control
for normal Tra-clt mediated conjugation, or two copies (pSCON45∆pSP72 and

TABLE 2.2. Transfer frequencies of 2X clt plasmids.

Donor

Number of
clt copiesa

Relevant
genotype

Transfer
frequencyb
TH/TA (%)

Transfer
frequencyc
THA/TA (%)

pSCON43∆pSP72

1

korA- tra-

0

0

pSCON46∆pSP72

1

korA+tra+

93 ± 16

76 ± 11

pSCON45∆pSP72

2

korA- tra-

0

0

pSCON50∆pSP72

2

korA+tra+

77 ± 10

70 ± 26

a

1 copy of clt downstream of AAC(3)IV transcribed toward the inverted repeats of clt; 2
tandem copies of clt in the same orientation separated by AAC(3)IV transcribed toward the
inverted repeats of one copy of clt

b

transconjugants which grew on thiostrepton and hygromycin without apramycin selection,
expressed as a percentage of donors which grew on thiostrepton and apramycin

c

transconjugants which grew on thiostrepton, hygromycin, and apramycin, expressed as a
percentage of donors which grew on thiostrepton and apramycin
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pSCON50∆pSP72) to test the effects of multiple clt loci on plasmid transfer. pSCON43∆pSP72
and pSCON45∆pSP72, which do not contain the pIJ101 korA-tra region and are therefore
incapable of mediating transfer, served as negative controls, and as expected yielded no plasmid
transfer (Table 2.2). Upon addition of korA and tra to the donor plasmids, transfer frequencies
increased such that nearly all potential donor cells transferred plasmids to surrounding recipients.
For pSCON46∆pSP72, which contains a single copy of clt, and therefore mimics the natural
arrangement of pIJ101, a TH/TA transfer frequency of 93 ± 16% and a THA/TA transfer
frequency of 76 ± 11% resulted (Table 2.2). These high transfer frequency values for both types
of transconjugant selection (TH and THA) indicate that the plasmids are transferred intact from
the S. lividans JT46 donor to the JT46 recipient by the normal mechanism employed by mating
Streptomyces cells. When a second copy of clt was introduced in tandem with the first (Fig. 2.4),
transfer frequencies were similarly high. pSCON50∆pSP72 had a TH/TA transfer frequency of
77 ± 10% and a THA/TA transfer frequency of 70 ± 26%. The value of 70 ± 26% for
pSCON50∆pSP72 indicates that recombination has not occurred between clt copies; if it had, the
number of transconjugants receiving a plasmid encoding apramycin resistance should have been
much lower (or even zero). Plasmid pSCON47∆pSP72, which is identical to pSCON46∆pSP72
but has the korA-tra region inserted in the opposite orientation, had statistically identical transfer
frequencies, as did the similarly arranged pSCON51∆pSP72 relative to pSCON50∆pSP72
(Appendix B).
When this experiment was originally attempted using similar plasmids and strains S.
lividans TK23.42 and TK23 as the donor and recipient, respectively, non-conjugative
recombination readily occurred between clt copies, whether cells were engaged in mating or not.
Since strain S. lividans JT46 is reportedly deficient in intraplasmid recombination (Tsai and
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FIG. 2.5. Stability of 2X clt plasmids in S. lividans JT46. Submerged cultures of S.
lividans TK23 or JT46 harboring plasmids relevant to 2X clt mating assays were grown in
YEME, and plasmid DNA was prepared from these cells as described in the text. Each
plasmid preparation was digested with EcoRI and then electrophoresed on a 1% agarose gel.
Lane 1 contains pHYG1 prepared from S. lividans TK23. Lane 2 contains pSCON50∆pSP72
from a S. lividans JT46 donor. Lane 3 contains pSCON50∆pSP72 from S. lividans TK23,
showing recombination between the two clt copies. Lane 4 contains pSCON50∆pSP72 and
pHYG1 from a S. lividans JT46 transconjugant selected for with thiostrepton and
hygromycin, but not apramycin (TH). Positions of molecular weight size standards in
kilobases are shown to the left of the gel. Arrows to the right of the gel indicate positions of
various EcoRI-generated bands.

Chen 1987), we used this strain as the donor and recipient for the 2X clt mating assay. To verify
physically that no recombination takes place between clt copies in JT46, we grew to stationary
phase submerged cultures of relevant plasmid-containing cells representative of the different cell
types involved in the mating process (i.e., donors, recipients, and transconjugants) and analyzed
preparations of their plasmid DNA by restriction digestion and agarose gel electrophoresis, as
illustrated in Fig. 2.5. Lane 1 shows plasmid pHYG1, containing the selectable Hygr marker for
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recipients and transconjugants, as isolated from strain TK23; it migrated to a position of
approximately 4.7 kb when linearized with EcoRI. Lane 2 depicts pSCON50∆pSP72 from a
JT46 donor, with two tandem copies of clt separated by the AAC(3)IV gene encoding apramycin
resistance. EcoRI digestion of this plasmid resulted in three bands of approximately 1 kb, 3 kb,
and 4.5 kb in size, as expected; the 1-kb band contains the excised AAC(3)IV gene, while the 3kb and 4.5-kb bands result when cleavage occurs at an EcoRI site within the korA-tra region
inserted at SpeI of this plasmid (Fig. 2.4). As shown in lane 3, however, when
pSCON50∆pSP72 is contained in TK23, the 1-kb band is no longer present, indicating that the
AAC(3)IV gene has been lost due to recombination between the clt copies. The 3-kb and 4.5-kb
bands are also gone, and instead, a band of approximately 7.5 kb is present (along with an uncut
plasmid band that runs at approximately 4.7 kb), indicating cleavage only at the EcoRI site
within the korA-tra region of the plasmid. Additional restriction digestion analysis confirmed
that pSCON50∆pSP72 was otherwise intact in TK23, and had apparently undergone no other
rearrangements (data not shown). Finally, upon examination of a JT46 transconjugant which
contains both pSCON50∆pSP72 and pHYG1, EcoRI digestion yielded four bands which are a
combination of those seen in lanes 1 and 2 of Fig. 2.5. This particular transconjugant had been
selected for with thiostrepton and hygromycin (TH), but not apramycin, and was therefore under
no selective pressure to retain the AAC(3)IV gene; this indicates that pSCON50∆pSP72 has been
transferred from the JT46 donor to the JT46 recipient in its entirety and is stable in the newlyformed transconjugant after the transfer event. In all, of 36 individual thiostrepton- and
hygromycin-selected transconjugants which were examined by this method, 35 yielded the same
result (i.e., identical to lane 4 in Fig. 2.5), indicating that no recombination had taken place
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between the clt loci (one sample was inconclusive, but not indicative of recombination between
clt copies) (Appendix B).
The results of the 2X clt mating assays provide corroborative evidence that pIJ101 is
transferred in a double-stranded form during mating and a circular unprocessed version of this
form would appear to be the most likely candidate for transfer from our data. clt therefore
appears to play a unique role in pIJ101 transfer compared to cis-acting loci from other plasmids
which undergo single-stranded nicking prior to transfer of the nicked strand by a rolling circle
mechanism. Had clt functioned in a capacity similar to oriT loci, then in the 2X clt mating
assays, apramycin resistance should have been lost in a high percentage of cases. Instead, the
AAC(3)IV gene was retained in effectively all S. lividans JT46 transconjugants examined (Fig.
2.5). Given that Tra is capable of mobilizing genes from the linear Streptomyces chromosome
(Pettis and Cohen 1994) and that linear conjugative plasmids are found in Streptomyces (Chen et
al. 1993), it is possible that clt is the site of a double-stranded cleavage event prior to transfer,
and that transfer is initiated from this specifically processed clt site. However, since it is
unknown whether transfer of such linear elements occurs from the molecules’ ends or from some
internal cis-acting loci, clt may also serve as a site for protein interaction without processing, but
still at the lead with respect to mobilization of the molecule. The second scenario may be more
likely, as several internal regions of the S. coelicolor chromosome have been shown to allow for
levels of Tra-mediated transfer approaching that achieved with clt when cloned on circular nonconjugative Streptomyces plasmids (Zhang and Pettis, unpublished results). While we are
currently unable to define a specific functional role for clt, our results and those of others
(Possoz et al., 2001) have effectively ruled out single-stranded transfer via a specific nicking
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event either by Tra or some host-encoded function. This qualifies Streptomyces conjugation in
general, and pIJ101 transfer in particular, as unique among bacterial conjugation mechanisms.
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CHAPTER 3:
EPITOPE MUTAGENESIS OF THE TRANSFER-ESSENTIAL Tra PROTEIN FROM
STREPTOMYCETE PLASMID pIJ101: FUNCTION AND LOCALIZATION STUDIES
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INTRODUCTION
As part of their normal course of development, Streptomyces bacteria undergo complex
morphological differentiation which progresses from a vegetative substrate mycelium to an
intermediate aerial mycelium, and then to dormant spores. Under conditions conducive to
vegetative growth in the soil or on solid media, Streptomyces persist as a mass of multigenomic
hyphae which are infrequently septated and occasionally branched. As environmental conditions
become unfavorable to growth, regularly divided and vertically-directed hyphae emerge,
scavenging nutrients from the dying substrate layer. The growth of aerial hyphae finally ceases,
and the mycelia differentiate into chains of desiccation-resistant, unigenomic spores which
germinate to form a new substrate mycelium as environmental conditions improve (Chater
1993). Besides morphological differentiation, Streptomyces species also exhibit physiological
differentiation in which they produce a multitude of secondary metabolites, including many
antibiotics, at the onset of aerial mycelium formation. Secondary metabolism is not limited to
mycelia growing on a solid substrate, as the phenomenon is also evident in submerged cultures in
transition from exponential to stationary growth (Champness and Chater 1994). In addition to
being virtual antibiotic factories, Streptomyces are proficient conjugal organisms, mobilizing
both plasmid and chromosomal DNA during growth on solid substrates (Hopwood and Kieser
1993). Evidence suggests that the initial, intermycelial transfer of DNA from a donor to a
recipient occurs during vegetative substrate growth and is completed by the time aerial mycelia
emerge (Pettis and Cohen 1996); thus, conjugation is thought to be related to the
developmentally complex Streptomyces life cycle.
Streptomyces conjugative plasmids are unique in that they encode few transfer functions
compared to plasmids from other bacterial genera (Hopwood and Kieser 1993). For example,
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the 8,830-bp (Kendall and Cohen 1988) plasmid pIJ101, originally isolated from Streptomyces
lividans (Kieser et al. 1982), requires only the 54-bp (Ducote et al. 2000) cis-acting locus of
transfer (clt) and the product of the tra gene, predicted to be a 621-amino acid (Kendall and
Cohen 1988), membrane-associated (Pettis and Cohen 1996) protein, to promote efficient
plasmid transfer (Pettis and Cohen 1994). The ability to actively transfer DNA via plasmidencoded functions is widespread throughout the bacterial kingdom, and the general conjugative
mechanism, which resembles the rolling-circle method of DNA replication employed by many
bacterial plasmids (Khan 1997), is conserved among gram-negative and most gram-positive
bacteria (Dreiseikelmann 1994). Typically, within potential donor bacteria exist populations of
plasmids that have been site-specifically cleaved, or nicked, at the plasmid-borne origin of
transfer (oriT) by the plasmid-encoded relaxase protein, which is covalently attached to the 5’
end of the nicked strand following cleavage (Lanka and Wilkins 1995). After contact has been
established between donor and recipient cells, transfer of the nicked, single-stranded
intermediate is initiated in a 5’ to 3’ direction through the actions of several plasmid-encoded
proteins (Willets and Wilkins 1984, Lanka and Wilkins 1995). Chromosomally-integrated
plasmids are also site-specifically cleaved by the relaxase and then transferred in a similar
manner, thereby leading to mobilization of chromosomal genes during bacterial mating. The clt
locus shares some structural features with oriT regions, including the presence of sequence
repeats and intrinsic curvature (Ducote et al. 2000), but may remain unprocessed as part of the
pIJ101 transfer mechanism (Chapter 2). Additionally, pIJ101 (as well as the integrative
conjugative Streptomyces element pSAM2) is transferred as a double-stranded molecule,
although it has not been established whether the plasmid is mobilized in a circular or doublestranded linear form during mating (Possoz et al. 2001). Tra and the major transfer proteins from
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other Streptomyces plasmids do not share homology with relaxases, but with proteins that
function in the mobilization of double-stranded DNA (Kendall and Cohen 1988, Kosono et al.
1996). Examples of such proteins include the Bacillus subtilis SpoIIIE protein, which
translocates chromosomal DNA from the mother cell to the prespore during sporulation (Wu et
al. 1995), and the E. coli FtsK protein, which is involved in chromosome segregation during cell
division (Begg et al. 1995). Included within homologous regions of approximately 200 amino
acids are portions that encode putative Walker type A (Kendall and Cohen 1988) and type B
(Kendall and Cohen 1988, Kosono et al. 1996) ATP-binding motifs; these motifs are important
for normal conjugative function of both Tra from pIJ101 (Pettis and Cohen 2000) and TraB from
the Streptomyces nigrifaciens plasmid pSN22 (Kosono et al. 1996), since mutations in them lead
to dysfunctional proteins. A final unique feature of pIJ101-mediated conjugation is that while
most conjugative plasmids that transfer chromosomal genes do so by integrating into the host
chromosome, Tra promotes chromosome mobilization (a phenomenon termed Cma for
chromosome mobilizing ability) (Holloway 1979) without plasmid integration and independently
of clt (Pettis and Cohen 1994). Because Streptomyces plasmids encode such unique conjugal
mechanisms, we are interested in determining how their principal proteins function to mobilize
DNA.
The Tra protein is expressed at high levels in substrate mycelia encoding one or more
copies of the tra gene whether or not potential plasmid-free recipients, which would allow for
conjugation to take place, are present, and is also found at high concentrations in exponentially
growing, non-mating submerged cultures. The concentration of Tra decreases temporally in cells
grown both on solid media and in liquid media (Pettis and Cohen 1996), possibly because its
presence is no longer required to promote dissemination of plasmid DNA along the lengths of

58

newly formed transconjugant mycelia after the initial transfer event. This role is thought to be
filled during later stages of morphological development by the pIJ101-encoded spread functions
spdA, spdB, and kilB (Hopwood and Kieser 1993, Kieser et al. 1982, Schully and Pettis 2003),
and in fact, the product of at least one pIJ101 spread function (kilB) accumulates during later
stages of Streptomyces growth (Pettis et al. 2001). Repression of tra gene transcription is
mediated by the product of the plasmid-borne kil-override (korA) gene (Kendall and Cohen 1987,
Stein and Cohen 1990, Stein et al. 1989); without this regulatory function, expression from the
tra promoter is lethal to Streptomyces. It has been previously reported that Tra is found
exclusively in membrane fractions of Streptomyces cell extracts (Pettis and Cohen 1996);
however, it remains to be determined whether the protein is localized to specific regions within
the mycelial membrane. Potential regions of localization may include branch points and hyphal
tips, which are sites of active mycelial extension (Gray et al. 1990), or along the lengths of the
mycelia, which may be likely sites at which potential recipients are encountered in the soil.
Significantly, SpoIIIE and FtsK are both localized to sites of double-stranded DNA mobilization,
and such positioning is critical to the functionality of these proteins (Wu et al. 1995, Begg et al.
1995). Further insight into Tra expression and localization may therefore lead to a better
understanding of Tra function.
As a first step in determining the role of Tra in pIJ101-mediated DNA transfer, a linker
insertion mutagenesis scheme was previously used to interrupt the tra gene at various positions,
thereby identifying functionally important regions within the Tra protein. From this study (Pettis
and Cohen 2000), it was revealed that a region (defined by an insertion after the aspartic acid at
position 340 [D340]) (Fig. 3.1) within the conserved 200 amino acid portion of Tra that includes
the putative ATP-binding motifs is important for both plasmid and chromosome mobilization by
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Tra531-6His
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100 bp
FIG. 3.1. Epitope mutagenesis of Tra. The predicted 621-amino acid product of the tra
gene, which is contained within the 2.0-kb NruI-FspI region of pIJ101, is represented by the
arrow. The approximately 200-amino acid region of Tra which shows homology to proteins
involved in the mobilization of double-stranded DNA and which encodes putative Walker
type A and Walker type B ATP-binding motifs is shown by the shaded box. Amino acids
D13, D340, and A531 of the Tra protein, at which previous linker or current epitope mutagenesis
was performed, are indicated. Amino acid sequences represented by single letter
abbreviations above Tra indicate that epitopes HA1, 6His, and cMyc (in bold type) were
inserted after D13 or A531. Designations of “EF” flanking epitope sequences indicate that preexisting EcoRI sites were used to insert the epitopes or were engineered into primers for
inserting the epitopes using PCR. Restriction sites used at various stages to clone the
mutagenized tra derivatives are indicated above the line. The scale bar represents 100 base
pairs.
Tra. Also identified was a region near the N terminus of Tra (defined by an insertion after the
aspartic acid at position 13 [D13]) that was apparently more important for Cma than plasmid
transfer, as well as a region near the C-terminal end (defined by an insertion after the alanine at
position 531 [A531]) that could be disrupted without affecting either aspect of protein function.
We have now expanded on this work to further define these latter two functional regions, as well
as to examine the expression and localization of Tra in Streptomyces mycelia. Addition of three
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different epitope-encoding sequences after A531 did not affect plasmid or chromosome
mobilization during mating of S. lividans. In contrast, insertion of an epitope-encoding sequence
immediately following D13 resulted in severely reduced plasmid transfer as well as similarly
reduced chromosome mobilization compared to the previous linker insertion. Finally, by taking
advantage of the thiostrepton-inducible promoter to the tipA gene (ptipA) (Smokvina et al. 1990),
several epitope insertion constructs allowed for specific identification of Tra protein derivatives
in Western blots of Streptomyces cell extracts, and a single epitope insertion proved useful in
identifying Tra in Streptomyces submerged cultures by immunofluorescence microscopy.
MATERIALS AND METHODS
Molecular Biological and Bacteriological Methods. Plasmids were constructed for this
study using standard techniques (Sambrook et al. 1989) and enzymes from New England Biolabs
and Invitrogen. Transformation of E. coli DH10B was by electroporation using a Bio-Rad Gene
Pulser II electroporator according to the manufacturer, while transformations of E. coli BRL2288
and BL21(DE3) were performed using calcium chloride-treated cells as previously described
(Sambrook et al. 1989). Streptomyces transformations were carried out according to established
methods (Kieser et al. 2000). Plasmid DNA was prepared from E. coli and Streptomyces using
Qiagen materials and reagents as described elsewhere (Pettis and Cohen 2000). The following
concentrations were used to select for plasmid-containing E. coli cells: ampicillin, 50 µg/ml;
spectinomycin, 25 µg/ml; and streptomycin, 25 µg/ml. For Streptomyces cultures, the following
concentrations were used to select for resistance-encoding plasmids: hygromycin, 200 µg/ml
(solid media) or 20 µg/ml (liquid media); spectinomycin, 400 µg/ml (solid media) or 40 µg/ml
(liquid media); streptomycin, 30 µg/ml (solid media) or 3 µg/ml (liquid media); and thiostrepton,
50 µg/ml (solid media) or 5 µg/ml (liquid media). To induce transcription from ptipA,
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thiostrepton was included in exponentially growing cultures at 5 µg/ml. Automated sequencing
was performed on a model 310 genetic analyzer (PE Applied Biosystems Inc.). Strains and
plasmids used in this study are listed in Table 3.1.
Construction of Plasmids Containing Epitope-Tagged tra Genes. Two methods were
used to insert epitope-encoding sequences into tra: short oligomer ligation was used to create
pGSP218-L13-HA1 and pGSP218-L531-6His, and a multiple step polymerase chain reaction
(PCR) was used to create pGSP218-L531-cMyc and pGSP218-L531-HA1. Epitope insertions
were made in-frame after amino acid 13 (aspartic acid, D13) or amino acid 531 (alanine, A531) of
Tra (Fig. 3.1). Either plasmid pGSP218 or one of its linker-mutagenized derivatives (Pettis and
Cohen 2000) was the target for insertion in each case; pGSP218 contains the 2.2-kb BglII-PvuII
region of pIJ101, which includes all but the terminal 77 nucleotides of the tra gene. Details
concerning the construction of each epitope-mutagenized plasmid are given below.
To create pGSP218-L13-HA1, pGSP218-L13 was linearized with EcoRI,
dephosphorylated, and then purified using agarose gel electrophoresis and the GeneClean Spin
Kit from Bio101. Oligomers tra-HA1-5’ (5’-AATTCTACCCGTACGACGTCCCCGACTA
CGCCG-3’) and tra-HA1-3’ (5’-AATTCGGCGTAGTCGGGGACGTCGTACGGGTAG-3’)
were phosphorylated, and 160 pmoles of each were combined with the prepared vector. As the
oligomers annealed, underlined bases at the 5’ ends created sticky EcoRI ends for ligation with
the vector. Ligation of linearized pGSP218-L13 and the oligomer mixture was carried out
overnight at 14°C, then used to transform E. coli DH10B or BRL2288. Eight clones were
screened for a BsiWI site (bold underlined), and one clone with a single insertion in the correct
orientation was designated pGSP218-L13-HA1. pGSP218-L531-6His was created in a similar
manner, except that pGSP218-L531 was used as the vector. In this case, oligomers 6HisEcoRI5
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TABLE 3.1. Bacterial strains and plasmids used in this study.
Strain or
plasmid

Relevant genotype or description

Source or reference

Strains
Escherichia coli
BL21(DE3)

F- hsdS (rB-mK-) gal with T7 RNA polymerase gene in Studier and
chromosome
Moffat 1986

BRL2288

recA56 derivative of MC1061 (F- araD139 ∆(araleu)7679 ∆lacX74 galU galK hsdR2 (rK-mK-) mcrB1
rpsL)

Gibco BRL

DH10B

F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlacZDM15
∆lacX74 deoR recA1 endA1 araD139 ∆(ara-leu)7697
galU galK λ- rpsL nupG

Gibco BRL

Streptomyces lividans
1326

Wild type; host for epitope-mutagenized tra gene
expression from ptipA in Western blotting and
immunofluorescence microscopy

John Innes
Centre

TK23

spc-1; donor strain in replica plating and mating
assays

Kieser et al. 2000

TK64

str-6 pro-2; recipient strain in replica plating and
mating assays

Kieser et al. 2000

Plasmids
pGSP208

pSP72 with the 2.0-kb NruI-FspI region of
pIJ101 cloned as a blunt-end fragment at the
BglII-SmaI sites

Pettis and Cohen
1996

pGSP218

pSP72 with the 2.2-kb BglII-PvuII region of
pIJ101 at these sites

Pettis and Cohen
2000

pGSP218-L13

pGSP218 with an EcoRI linker insertion after nt Pettis and Cohen
5723 of pIJ101
2000

pGSP218-L13-HA1

pGSP218-L13 with the HA1 epitope-encoding
sequence at EcoRI

This study

pGSP218-L531

pGSP218 with a double EcoRI linker insertion
after nt 4172 of pIJ101

Pettis and Cohen
2000

pGSP218-L531-6His
(pSCON70)

pGSP218-L531 with the 6His epitope-encoding
sequence at EcoRI

This study
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TABLE 3.1 continued
pGSP218-L531-cMyc
(pSCON19)

pGSP218 with the cMyc epitope-encoding
sequence after nt 4172 of pIJ101

This study

pGSP218-L531-HA1
(pSCON138)

pGSP218-L531 with the HA1 epitope-encoding
sequence at EcoRI; derived by removing one
insert copy from pSCON112

This study

pHYG3

Conjugative Hygr derivative of pIJ101

Pettis and Cohen
1994

pHYG3-L13

L13 insertion in pHYG3

Pettis and Cohen
2000

pHYG3-L13-HA1

L13-HA1 insertion in pHYG3

This study

pHYG3-L340

pHYG3 with an EcoRI linker insertion after nt
4742

Pettis and Cohen
2000

pHYG3-L531

L531 insertion in pHYG3

Pettis and Cohen
2000

pHYG3-L531-6His

L531-6His insertion in pHYG3

This study

pHYG3-L531-cMyc

L531-cMyc insertion in pHYG3

This study

pHYG3-L531-HA1

L531-HA1 insertion in pHYG3

This study

pPM927

E. coli-Streptomyces integrative, conjugative
expression vector that contains Spcr/Strr, the
terfd transcription terminator, and ptipA

Smokvina et al.
1990

pSCON73

pSP72 with the 0.65-kb BamHI (blunt)-HindIII
region of pPM927 containing ptipA and terfd at
SmaI and HindIII of the vector

Kevin Schully

pSCON75

pSCON73 with the 2.0-kb HindIII region of
pPM927 containing the Spcr/Strr gene at
HindIII of the vector; transcription of the
resistance gene is away from ptipA

Kevin Schully

pSCON77

pSP72 with the 2.0-kb NruI-FspI region of
pHYG3-L13-HA1 at EcoRV so that T7
promoter is near 5’ end of tra13-HA1

This study

pSCON78

pSP72 with the 2.0-kb NruI-FspI region of
pHYG3-L531-6His at EcoRV so that T7
promoter is near 5’ end of tra531-6His

This study

pSCON79

pSP72 with the 2.0-kb NruI-FspI region of
pHYG3-L531-cMyc at EcoRV so that T7
promoter is near 5’ end of tra531-cMyc

This study
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TABLE 3.1 continued
pSCON103

pXE4 with the 2.0-kb NruI-FspI region of
pHYG3-L13-HA1 cloned as a BglII-BamHI
fragment (from pSCON77) at BamHI of the
vector; HindIII is near 5’ end of tra13-HA1

This study

pSCON104

pXE4 with the 2.0-kb NruI-FspI region of
pHYG3-L531-6His cloned as a BglII-BamHI
fragment (from pSCON78) at BamHI of the
vector; HindIII is near 5’ end of tra531-6His

This study

pSCON109

pSCON103 with the 2.65-kb EcoRV-PvuII
region of pSCON75 cloned at (blunt-ended)
HindIII of the vector; ptipA is near 5’ end of
tra13-HA1

This study

pSCON110

pSCON109 with the ~9.5-kb HindIII (blunt)BglII region of pSCON104 at EcoRI (blunt)BglII of the vector

This study

pSCON111

pSCON109 with the ~7.5-kb HindIII (blunt)BglII region of pXE4 at EcoRI (blunt)-BglII of
the vector

This study

pSCON112

This study
pGSP218 with 2 copies of the ~0.6-kb PvuIIMscI PCR fragment containing the HA1 epitope
encoding sequence at EcoRI

pSCON140

pSP72 with the 2.0-kb NruI-FspI region of
pHYG3-L531-HA1 at EcoRV so that T7
promoter is near 5’ end of tra531-HA1

This study

pSCON141

pSCON111 with the 2.0-kb NruI-FspI region of
pHYG3-L531-HA1 cloned as a BglII-BamHI
fragment (from pSCON140) at BamHI of the
vector; ptipA is near 5’ end of tra531-HA1

This study

pSP72

Apr E. coli cloning vector

Promega

pSP72x:pHYG3

pSP72 inserted at XhoI in rep gene of pHYG3

Pettis and Cohen
2000

pSP72x:pHYG3-L13-HA1

pSP72 inserted at XhoI in rep gene of
pHYG3-L13-HA1

This study

pSP72x:pHYG3-L531-6His
(pSCON71)

pSP72 inserted at XhoI in rep gene of
pHYG3-L531-6His

This study

pSP72x:pHYG3-L531-cMyc
(pSCON24)

pSP72 inserted at XhoI in rep gene of
pHYG3-L531-cMyc

This study

pSP72x:pHYG3-L531-HA1
(pSCON139)

pSP72 inserted at XhoI in rep gene of
pHYG3-L531-HA1

This study
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TABLE 3.1 continued
pXE4

Tsrr SCP2* derivative with promoterless xylE
reporter gene

Ingram et al.
1989

a

Hygr, Spcr, Strr, Apr, and Tsrr indicate resistance to hygromycin, spectinomycin,
streptomycin, ampicillin, and thiostrepton, respectively.

(5’-AAAAAGAATTCCACCACCACCACCACCACGTG GAATTCAAAAA-3’) and
6HisEcoRI3 (5’-AAAAAGAATTC CACGTGGTGGTGGTGGTGGTGGAATTCAAAAA-3’)
were pre-annealed by co-incubation at 94°C followed by gradual cooling to room temperature.
The resultant short double-stranded fragments were digested with EcoRI (EcoRI-encoding
sequences are underlined), ligated with the vector, and used to transform E. coli. After overnight
growth, transformant colonies were pooled, and plasmid DNA from this pooled culture was
digested with PmlI (bold underlined), purified, then religated and used to transform E. coli.
Several transformants were screened for single insertions in the proper orientation, and one was
designated pGSP218-L531-6His (or pSCON70).
To create pGSP218-L531-cMyc and pGSP218-L531-HA1, a multiple step PCR method
was used to create a 0.6-kb PvuII-MscI fragment containing cMyc and HA1 epitope-encoding
sequences, respectively, immediately following A531 of tra. pGSP218-L531-cMyc was made
without EcoRI sites flanking the epitope-encoding sequence, while the EcoRI sites were included
in pGSP218-L531-HA1 (there are two tandem EcoRI sites in pGSP218-L531). Since no
convenient restriction site that could be engineered into a primer is near the A531 position in
pGSP218, two PCR products with ends that overlap by 100 bp, and which could be used to
prime off of each other, were made using pGSP218 as an amplification template. With primers
SP6 (universal primer, New England Biolabs), which anneals near the PvuII site in the pSP72
polylinker, and tra-cMyc-D (5’-GGCCCGAAGGTGCAGCCT-3’), a 0.3-kb portion of pGSP218
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designated fragment “A” was amplified using Pfu polymerase (Stratagene) and previously
described parameters (Ducote and Pettis 2003), then purified by phenol:chloroform extraction
and ethanol precipitation. The 1.4-kb fragment “B” was amplified from pGSP218 with primers
tra-cMyc-B (5’-GGCGGAGGCGCCCGAGCCCAGGTCCTCCTCGGAGATCAGCTTCTGCT
CCTTGCCGGCACTTCGTGC-3’) and tra-cMyc-C (5’-AAGACCAAGCTCAAGGCC-3’)
using the same PCR parameters and purification procedure described above; tra-cMyc-B
includes sequences (underlined) which insert the cMyc epitope immediately following A531. For
the second round of PCR, fragments “A” and “B” were combined and denatured at 94° C for 2
min. in a thermal cycler. This was followed by 6 cycles of 94° C for 30 sec., 37° C for 1 min.,
and 72° C for 5 min., in the presence of dNTP’s and Pfu polymerase; for this cycle, the
fragments acted as primers for each other, resulting in full-length 1.6-kb fragments that either
contained a cMyc-encoding insertion after A531 or did not. Primers SP6 and tra-cMyc-C were
then added, and full length (1.6-kb) PCR products were amplified from the mixture of templates
for 15 cycles of the parameters described above. The products were extracted, precipitated, and
digested with PvuII and MscI to yield 0.6-kb fragments for ligation with pGSP218 that had been
digested with these same enzymes, and then transformed into E. coli. Plasmid DNA was
prepared from several transformants and assayed for the presence of cMyc by amplification with
primer cMycPCR (5’-CGAGCCCAGGTCCTCCTCGGAGATCAGCTTCTGCTCCTTGCC-3’),
specific for only the epitope-encoding sequence, and tra-cMyc-C; positive plasmids yielded a
1.4-kb fragment. One positive clone was designated pGSP218-L531-cMyc (or pSCON19). To
create pGSP218-L531-HA1, primer tra-HA1-B (5’GGAGGCGCCGAATTCGGCGTAGTCGG
GGAGGTCGTACGGGTAGAATTCGGCACTTCG-3’) was used instead of tra-cMyc-B; the
HA1-encoding sequence is underlined. One transformant was positive for HA1 epitope-
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encoding sequences in the correct orientation, but contained a duplication of the 0.6-kb insertion;
this clone was designated pSCON112. By digesting pSCON112 at internal SacII sites, the
additional 0.6-kb insert copy was removed, and the resulting clone was designated pGSP218L531-HA1 (or pSCON138).
The four plasmids described above were used to make derivatives of pSP72x:pHYG3 that
contained the epitope-mutagenized tra derivatives in place of wild-type tra. pGSP218-L13HA1, pGSP218-L531-6His, pGSP218-L531-cMyc, and pGSP218-L531-HA1 were each digested
with BglII and PvuII to release 2.2-kb fragments containing only pIJ101 sequences plus the
epitope insertions. These were cloned into pSP72x:pHYG3 that had been digested with the same
enzymes, and then used to transform E. coli. Plasmids from these transformants were designated
pSP72x:pHYG3-L13-HA1, pSP72x:pHYG3-L531-6His (or pSCON71), pSP72x:pHYG3-L531cMyc (or pSCON24), and pSP72x:pHYG3-L531-HA1 (or pSCON139). To make pHYG3
derivatives of these plasmids, each was digested with XhoI to release pSP72, religated, and then
transformed into S. lividans TK23. These plasmids were designated pHYG3-L13-HA1, pHYG3L531-6His, pHYG3-L531-cMyc, and pHYG-L531-HA1. To make pSCON77 (tra13HA1),
pSCON78 (tra531-6His), pSCON79 (tra531-cMyc), and pSCON140 (tra531-HA1), the
pHYG3-like plasmids were digested with NruI and FspI to release 2.0-kb fragments containing
the mutagenized tra genes (Fig. 3.1) which were then cloned into pSP72 that had been digested
with EcoRV. Plasmids in which the T7 promoter was near the 5’ ends of the tra derivatives
were selected for induction in E. coli BL21(DE3).
Conjugative Assessment by Replica Plating and Mating Assays. The method used to
assess plasmid transmission by replica plating has been previously described (Pettis and Cohen
2000), and is based on the method of Kosono et al (1996). S. lividans TK23 donor spores
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containing pHYG3 derivatives with mutagenized tra genes (Table 3.1) were inoculated as lines
onto R2 (Kieser et al. 2000) plates containing 0.1% yeast extract (R2-0.1%YE) that had been
seeded with S. lividans TK64 spores. After one cycle of growth, these mixed cultures were
replica plated onto R2-0.1%YE containing hygromycin and streptomycin to select for
transconjugants. Following growth for two days on selective media, the maximum growth
distance from the center of the donor line was determined for each transconjugant. Growth of
donors and recipients was also assessed by replica plating onto R2-0.1%YE containing only
hygromycin or streptomycin, respectively. Conjugative proficiency of pHYG3 derivatives
carrying mutagenized tra genes was determined by measuring the distance of transconjugant
growth on R2-0.1%YE containing hygromycin and streptomycin, and then comparing that
distance to the same for pHYG3. For plasmids assessed more than once, an average value was
determined.
The methods used to determine plasmid transfer frequency and chromosome mobilization
(Cma) have also been previously described (Pettis and Cohen 1994). Approximately equal
numbers of the same donor and recipient spores used for replica plating were combined and
inoculated onto non-selective R2-0.1%YE and allowed to co-cultivate for one life cycle. Spores
were collected and dilutions were spotted onto selective media to quantify donors (hygromycin),
recipients (streptomycin), and transconjugants (hygromycin and streptomycin). Recombination
between the two parental strains was assessed on minimal media (MM) (Hopwood et al. 1985)
agar plates containing streptomycin (recombinants are streptomycin-resistant and prototrophic
for proline biosynthesis). The values of wild-type pHYG3 were normalized to 100% for both
plasmid transfer and Cma, and each mutagenized plasmid was reported as a relative frequency
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compared to pHYG3. For all plasmids, the value reported is the average of four trials, except for
pHYG3-L531-cMyc, which is the average of two trials.
Creation of ptipA-Containing Plasmids. Plasmids used to induce expression of
epitope-mutagenized tra genes in Streptomyces are derived from the low-copy Streptomyces
plasmid pXE4, which also replicates in E. coli (Ingram et al. 1989), and portions of the E. coliStreptomyces vector pPM927 (Smokvina et al. 1990), as diagrammed in Fig. 3.2. To create
pSCON103 (containing tra13-HA1) and pSCON104 (containing tra531-6His), the 2.0-kb BglIIBamHI fragments of pSCON77 and pSCON78 (Table 3.1), respectively, were cloned at the
unique BamHI site of pXE4 so that the 5’ end of tra was near the unique HindIII site of the
vector (Fig. 3.2). The resulting plasmids were digested with HindIII, and then treated with the
Klenow fragment of DNA polymerase I to generate blunt ends. The 2.65-kb EcoRV-PvuII
fragment of pSCON75 (Table 3.1), derived from pPM927 and which contains the streptomycin/
spectinomycin resistance gene transcribed divergently from ptipA with a Streptomyces
transcription terminator between them, was successfully cloned at the HindIII site of pSCON103
(but not of pSCON104). The pSCON103-derived clone was designated pSCON109 (Fig. 3.2).
To create a pSCON109-like plasmid containing tra531-6His, the 9.5-kb HindIII (blunt)-BglII
fragment of pSCON104 that contains tra531-6His at BamHI was combined with the 12.6-kb
EcoRI (blunt)-BglII fragment of pSCON109 that contains ptipA; the resulting plasmid was
designated pSCON110 (Fig. 3.2). To create pSCON141, from which tra531-HA1 is induced by
transcription from ptipA, the same 12.6-kb fragment used to make pSCON110 was combined
with the 7.5-kb HindIII (blunt)-BglII fragment of pXE4, which contains an intact BamHI site,
resulting in pSCON111. The 2.0-kb BglII-BamHI fragment of pSCON140 was then cloned at
BamHI of pSCON111 so that the 5’ end of tra531-HA1 was near ptipA (Fig. 3.2).
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tra13-HA1 (pSCON109)
tra531-6His (pSCON110)
spc/str resistance

tra531-HA1 (pSCON141)

ter ptipA

HindIII

BamHI
xylE
ori
bla

SCP2*
tsr
BglII

FIG. 3.2. Creation of ptipA expression plasmids. The Streptomyces/E. coli vector pXE4
(Ingram et al. 1989), represented by the circle, was the basis for the ptipA expression plasmids
pSCON109, pSCON110, and pSCON141. Salient pXE4 features include the xylE gene, the
origin of replication (ori), the b-lactamase (bla) gene encoding resistance to ampicillin in E.
coli, the thiostrepton resistance (tsr) gene, and the SCP2* region encoding Streptomyces
replication functions. The HindIII, BamHI, and BglII sites used in cloning as detailed in
Materials and Methods are also indicated. Inserted at the HindIII site is the 2.65-kb region
from pSCON75 (Schully and Pettis 2003) which contains the spectinomycin/streptomycin
gene transcribed divergently from the ptipA promoter and separated from the promoter by a
Streptomyces transcription terminator (ter). At the BamHI sites of pSCON109, pSCON110,
and pSCON141 are the 2.0-kb regions, represented in Fig. 3.1, from pSCON77, pSCON78,
and pSCON140 containing tra13-HA1, tra531-6His, and tra531-HA1, respectively.
Protein Extracts and Western Blotting. To express the epitope-tagged tra genes
present on plasmids pSCON77, pSCON78, pSCON79, and pSCON140 (Table 3.1), 10 ml
cultures were inoculated from fresh overnight 2 ml cultures of E. coli BL21(DE3) harboring
these plasmids, and then grown to an optical density of 0.6 measured at 600 nm. Transcription
of the mutagenized tra genes was induced from the T7 promoter, as previously described
(Studier and Moffatt 1986), by the addition of IPTG, after which the cultures were allowed to
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grow for an additional three hours. Total protein extracts were prepared from these cells by lysis
in the presence of sodium dodecyl sulfate (SDS) (Pettis et al. 2001), and then subjected to SDSPAGE electrophoresis for analysis by Western blotting.
To express epitope-tagged Tra proteins in Streptomyces lividans 1326, cultures harboring
ptipA-containing plasmids pSCON109, pSCON110, or pSCON141 were initially grown in 1 ml
of yeast extract-malt extract (YEME) medium (Kieser et al. 2000) in the absence of thiostrepton
but in the presence of streptomycin and spectinomycin. Transcription of the mutagenized tra
genes was induced from the ptipA promoter by sub-culturing exponentially growing cells into 1
ml of identical media containing 5 µg/ml of thiostrepton. These cultures were allowed to grow
to stationary phase (approximately 48 hours post-induction), and then harvested for the
preparation of total protein extracts (Pettis and Cohen 1996). To prepare cytoplasmic and
membrane fractions from Streptomyces cells, protoplasts were prepared from 25 ml of identically
induced, submerged cultures, and then treated as previously described (Pettis and Cohen 1996).
To analyze the epitope-mutagenized Tra proteins by Western blotting, whole cell extracts
or cell fractions were electrophoresed on 7.5% SDS-PAGE gels, then transferred to
nitrocellulose. After blocking in 5% milk in TBST (Tris-buffered saline + 0.1% Tween-20) for 1
hour, either anti-Tra polyclonal antibodies (Pettis and Cohen 1996) at a final dilution of 1:2000,
or anti-HA1 or anti-6His monoclonal antibodies (Covance) at a final dilution of 1:1000 were
added to the blots. Following incubation for 1 hour, blots were washed in TBST 3 times for 5
minutes each, then incubated with HRP-conjugated goat anti-rabbit secondary antibody at a final
dilution of 1:3000 to visualize anti-Tra Western blots, or HRP-conjugated anti-mouse secondary
antibody at a final dilution of 1:1000 to visualize anti-HA1 and anti-6His. The washes were
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repeated, and the HRP-conjugated secondary antibodies were visualized using the ECL
chemiluminescent detection system from Amersham.
Microscopy. The same submerged S. lividans 1326 cultures harboring pSCON141 used
to analyze Tra531-HA1 in Western blots were also utilized to examine the intracellular location
of the protein by immunofluorescence microscopy, which was performed essentially as
previously described (Kieser et al. 2000). Following induction as described above, the mycelia
were harvested, washed in distilled water (dH2O), and then resuspended in a glutaraldehyde
fixative for 15 min. at room temperature. The cells were washed again, and 15 µl was spotted
onto a clean glass slide and allowed to air dry for several minutes. The spot was rehydrated and
washed by pipetting phosphate-buffered saline (10 mM sodium phosphate buffer, pH 7.4; 150
mM NaCl; 15 mM KCl – PBS) onto the spot followed by immediate aspiration. A 2 mg/ml
solution of lysozyme in PBS buffer was added and left in contact with the mycelia for one
minute, then aspirated, and removed completely by washing with 10 applications of PBS buffer
as described above. A 2% bovine serum albumin (BSA) solution in PBS was added, and left in
contact with the cells for 5 min., then aspirated. Next, 10 µl of the BSA solution containing
FITC-conjugated anti-HA1 monoclonal antibody at a final dilution of 1:100 was added to the
mycelia and incubated overnight in a covered dish at 4° C in the dark. The antibody solution
was washed off completely with 10 applications of PBS buffer, and in the final two washes, the
fluorescent, lipophilic dye FM4-64 was included to stain the cell membranes red. The spots
were covered with glass cover slips and sealed for examination by fluorescence microscopy
using a rhodamine filter set.
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RESULTS AND DISCUSSION
Conjugative Assessment of Epitope-Mutagenized Tra Proteins. The 70-kDa
membrane-associated Tra protein is the only plasmid-encoded protein required for pIJ101mediated conjugal DNA transfer (Pettis and Cohen 1994), and in a previous study (Pettis and
Cohen 2000), linker insertion mutagenesis was used to identify several regions within Tra that
function differentially in plasmid transfer and chromosome mobilization (Cma). We have
further characterized two of these regions: one was originally defined by a two-amino-acid
insertion immediately following the aspartic acid residue at position 13 (D13), and the other by a
four-amino-acid insertion immediately following the alanine residue at position 531 (A531)
(Pettis and Cohen, 2000). For the insertion after D13, the resultant protein was severely reduced
for Cma, but only moderately reduced for plasmid transfer. In contrast, the insertion after A531
yielded a protein that was essentially wild-type for both aspects of Tra function (Pettis and
Cohen 2000). Here, we inserted into tra DNA sequences which encode for known epitopes,
including the hemagglutinin HA1 epitope (YPYDVPDYA) after D13, and the HA1, 6His
(HHHHHHV), and cMyc (GKEQKLISEEDLGS) epitopes after A531 (Fig. 3.1). These mutations
were introduced by ligation of short oligomers into previously constructed linker-mutagenized
pGSP218 derivatives (Pettis and Cohen 2000) or by a PCR-based method, as described in
Materials and Methods, to determine the phenotypic effects of larger disruptions of the Tra
protein, as well as to facilitate protein expression and localization studies and, potentially,
subsequent purification of Tra. Mutagenized tra genes were substituted for wild-type tra in the
hygromycin-resistant pIJ101 derivative pHYG3 so that their gene products could be expressed
from the tra promoter and assessed for plasmid transfer and Cma in Streptomyces.
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To compare the conjugal proficiencies of the epitope-mutagenized Tra proteins with the
corresponding linker insertions, we utilized a method in which plasmid transfer is assessed
visually by replica plating transconjugants formed during mating onto antibiotic-containing
media selective for those transconjugants (Pettis and Cohen 2000). Lines of S. lividans TK23
spores harboring donor plasmids were inoculated onto lawns of plasmid-free S. lividans TK64
recipient spores on non-selective R2-0.1%YE plates. The strains were allowed to co-cultivate
for one life cycle, and the resultant spores were replica plated to R2-0.1%YE containing
hygromycin (selective of donors), streptomycin (selective of recipients), and both antibiotics
(selective of transconjugants). Spores that germinated on these plates grew for two days in the
presence of the antibiotics, after which the furthest points of transconjugant formation from the
positions of the original donor lines were measured (Fig. 3.3A), indicating the combined
conjugal proficiencies of the transmission functions, including the mutagenized tra genes,
present on the plasmids. These values were compared to pHYG3, which encodes wild-type Tra
function and which demonstrated an average transfer distance of 6.3 mm (Fig. 3.3B). The
previously constructed linker insertion pHYG3-L340, which contains two additional amino acids
after D340 (Pettis and Cohen 2000) within the conserved 200-amino acid region (Kendall and
Cohen 1988) (Fig. 3.1), showed no evidence of plasmid transfer other than rare single
transconjugants (Fig. 3.3A), and served as a negative control. Consistent with the previous
determination (Pettis and Cohen 2000), pHYG3-L13 transferred at a reduced capacity to a
distance of 3.0 mm (Fig. 3.3B), while insertion of the HA1 epitope (pHYG3-L13-HA1) at this
same position resulted in the elimination of plasmid transfer and was visually identical to
pHYG3-L340. In contrast, the previously constructed linker insertion and three epitope
insertions made after A531 resulted in essentially wild-type Tra proteins. pHYG3-L531
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FIG. 3.3. Conjugative assessment by replica plating of epitope-mutagenized Tra
proteins. (A) Spores of S. lividans TK23 harboring the indicated plasmids were inoculated
onto lawns of S. lividans TK64 spores on R2-0.1%YE. Following mating, the resultant spores
were replica plated onto LB containing hygromycin (Donors – left column) and hygromycin
plus streptomycin (Transconjugants – right column). Each row of donor and transconjugant
plates highlights one epitope insertion, labeled to the left of the photographs and indicated
with a “*” on the figure. Conjugal proficiency was assessed visually as compared to positive
(pHYG3) and negative (L340) controls, and then measured in mm from the center of the
original donor inoculation line to the furthest point of transconjugant formation. These
transfer distances are given in (B). For donors pHYG3 and pHYG3-L531, used in multiple
assays, the reported value is the average of the actual values determined on each plate.
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transferred outward to a distance of 6.7 mm from the center of the donor line, pHYG3-L531cMyc was at 6.5 mm, pHYG3-L531-6His was at 6.5 mm, and pHYG3-L531-HA1 was at 6.0 mm
(Fig. 3.3B).
We next examined the epitope-mutagenized Tra derivatives for their abilities to mediate
plasmid transfer and Cma in quantitative mating assays; these results were compared to pHYG3,
set to a relative value of 100% for both aspects of DNA mobilization (see Materials and
Methods). As shown in Table 3.2, the plasmid transfer frequency of pHYG3-L340, previously
determined to be deficient in both plasmid transfer and Cma (Pettis and Cohen 2000), was
5.3 x 10-2% relative to pHYG3; the Cma mediated by this plasmid was also severely reduced to a
relative level of 3.3 x 10-2%. As predicted by the replica plate assay, plasmid transfer mediated
by the mutant Tra protein encoded by pHYG3-L13-HA1 was reduced to a frequency of
6.7 x 10-2%. This is similar to the value observed for pHYG3-L340, and is a 1500-fold reduction
compared to pHYG3. It is also 550-fold lower than the value determined for Tra-L13 (37%),

TABLE 3.2. Plasmid transfer and Cma of epitope-mutagenized Tra proteins.
Plasmid

Relative plasmid transfer (%)

Relative Cma (%)

pHYG3

100

100
-2

pHYG3-L340

5.3 x 10

pHYG3-L13

37

3.3 x 10-2
8.1

6.7 x 10-2

2.5 x 10-3

pHYG3-L531

110

64

pHYG3-L531-cMyc

600

a

pHYG3-L531-6His

81

81

pHYG3-L531-HA1

130

74

pHYG3-L13-HA1

a

Cma was not determined for pHYG3-L351-cMyc
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which is here consistent with the previously determined value for the linker-mutagenized protein
(Pettis and Cohen 2000). Cma mediated by pHYG3-L13 was 8.1%, lower than the level for
pHYG3, but also higher than the previously reported Cma value for this protein, which was then
more consistent with that of pHYG3-L340 (Pettis and Cohen 2000). With a relative Cma value
of 2.5 x 10-3%, however, insertion of the HA1 epitope after D13 of Tra (pHYG3-L13-HA1)
resulted in a protein that was more deficient in chromosome mobilization than both pHYG3-L13
and pHYG3-L340. The insertion of epitope sequences following A531 resulted in proteins with
relative plasmid transfer frequencies that remained consistently high, both compared to pHYG3
as well as to the previously constructed linker insertion at this site. pHYG3-L531 was
transferred at a relative frequency of 110%, pHYG3-L531-HA1 was at 130%, pHYG3-L531cMyc was at 600%, and pHYG3-L531-6His was at 81%. Relative Cma values were similarly
high for pHYG3-L531 (64%), pHYG-L531-HA1 (74%), and pHYG3-L531-6His (81%) (Cma
was not determined for pHYG3-L531-cMyc).
The results of replica plating (Fig. 3.3) and mating assays (Table 3.2) provide additional
information regarding the functional contributions of regions near the D13 and A531 amino acid
residues of Tra. Previously, the insertion of a two amino acid linker after D13 resulted in
severely reduced Cma coupled with moderately reduced plasmid transfer (Pettis and Cohen
2000). Here, the insertion of thirteen amino acids including the HA1 epitope resulted in a similar
Cma defect, but also a plasmid transfer ability that was as low as that imparted by the transferdefective Tra-L340 linker insertion. It has been suggested that the differential effects of this
linker insertion at D13 on plasmid transfer versus Cma were indicative of the N-terminal region
of Tra being more important for the mobilization of chromosomal DNA compared to plasmid
DNA. However, the larger epitope insertion narrowed the gap between these two levels of
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function, resulting in a protein that was essentially equally dysfunctional for both aspects of Tramediated DNA mobilization (Table 3.2). It is likely, then, that both the linker and epitope
insertions made after D13 impart the same phenotypic effects on Tra, but that these effects are
magnified for the larger insertion, perhaps by leading to protein instability. Interestingly, when
Streptomyces cell extracts containing the originally constructed series of linker insertions (Pettis
and Cohen 2000) were examined by Western blotting for the presence of Tra, protein amounts
varied among the insertions and were generally lower than the level of wild-type Tra (Pettis,
unpublished results). Such mutations may thus affect protein stability, and may in turn
contribute to the decreased function of some of the linker-mutagenized Tra proteins.
In contrast to insertions made after D13, and despite the fact that up to fourteen amino
acids were added to Tra after the A531 position (Fig. 3.1), proteins resulting from these mutations
were essentially wild-type for both aspects of Tra-mediated DNA mobilization, indicating that
the A531 position is dispensible for Tra function. The A531 position is toward the C-terminal end
of Tra, and two sites of insertion located closer to the C terminus were previously found to be
important for both plasmid transfer and Cma (Pettis and Cohen 2000), so the portion of Tra
between A531 and the C terminus is necessary for Tra function. The combined data indicate that
A531 is within an internal region of Tra that can tolerate a variety of perturbations without
affecting protein function, and therefore serves as a site at which mutations may be utilized for
protein identification and localization, as well as potential affinity purification using the inserted
epitopes.
Expression of Epitope-Mutagenized Tra Proteins in E. coli. After determining the
functionality of the epitope-mutagenized Tra proteins in plasmid transfer and Cma, we examined
whole cell extracts of exponentially-growing submerged cultures of S. lividans TK23 containing
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these same pHYG3-derived plasmids by Western blotting with polyclonal antibodies to Tra as
well as monoclonal antibodies to the HA1, 6His, and cMyc epitopes. Western blotting did not
allow for detection of the proteins, however, due to excessive background bands (Appendix B),
so although the epitope-mutagenized Tra derivatives could be assessed for conjugal function,
they were not observable in Streptomyces cell extracts when expressed from the tra promoter. In
order to visualize the proteins, it was necessary to increase their expression levels via inducible
promoters. Expression of wild-type Tra has previously been successfully induced from the T7
promoter on plasmid pSP72 in E. coli BL21(DE3) cells expressing the T7 polymerase for
visualization in Western blots (Pettis and Cohen 1996), so we performed a similar procedure
with the newly constructed epitope-mutagenized proteins. The 2.0-kb NruI-FspI tra-containing
regions of the relevant pHYG3 derivatives (Fig. 3.1) used in replica plating and mating assays
were cloned onto pSP72 downstream of the T7 promoter to create pSCON77 (tra13-HA1),
pSCON78 (tra531-6His), pSCON79 (tra531-cMyc), and pSCON140 (tra531-HA1). Expression
from the T7 promoter was induced in E. coli BL21(DE3) as described in Materials and Methods,
and then whole cell extracts were examined by Western blotting for the presence of the
mutagenized proteins.
When probed with polyclonal antibodies previously raised against Tra (Pettis and Cohen
1996), E. coli BL21(DE3) cell extracts containing either pSCON77 or pSCON140 revealed a
band of approximately 70-kDa in size (Fig. 3.4A, lanes 3 and 4, respectively) that was positioned
identically to the wild-type Tra protein expressed from pGSP208 (Pettis and Cohen 1996) (Fig.
3.4A, lane 2). No such band was evident when pSP72 alone was present (Fig. 3.4A, lane 1).
Similarly, a cell extract containing pSCON78 revealed a 70-kDa protein that reacted with antiTra antibodies (Fig. 3.4A, lane 5). We were next interested in determining whether the epitope
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FIG. 3.4. Expression of epitope-mutagenized Tra proteins in E. coli. Transcription of tra
genes containing epitope-encoding sequences was induced from the T7 promoter on pSP72
during exponential growth of E. coli BL21(DE3) by the addition of IPTG (Studier and
Moffatt 1986); three hours later, cell extracts were prepared and probed with an anti-Tra
polyclonal antibody (A), anti-HA1 monoclonal antibody (B), or anti-6His monoclonal
antibody (C). Lanes 1, 6, and 10 are extracts containing the cloning vector pSP72; lanes 2, 7,
and 11 contain pGSP208, which encodes the wild-type tra gene. Lanes 3 and 8 contain
pSCON77, which encodes tra13-HA1. Lanes 4 and 9 contain pSCON140, which encodes
tra531-HA1. Lanes 5 and 12 contain pSCON78, which encodes tra531-6His. Molecular
weight size standards in kilodaltons are given to the left of each gel.

insertions would allow for specific identification of the tagged proteins by commercially
available monoclonal antibodies. When probed with the anti-HA1 monoclonal antibody, 70-kDa
bands were observed for pSCON77 and pSCON140 (Fig. 3.4B, lanes 8 and 9, respectively), but
as expected, not for pSP72 or pGSP208 (Fig. 3.4B, lanes 6 and 7, respectively). The monoclonal
antibody to the 6His epitope also revealed a single band of the appropriate size in the pSCON78containing extract (Fig. 3.4C, lane 12), while no bands were evident for either pSP72 or
pGSP208 (Fig. 3.4C, lanes 10 and 11, respectively). These results indicate that the epitopemutagenized proteins are expressed in the heterologous host, and that recognition of the HA1
and 6His epitope sequences by the monoclonal antibodies is specific. Since both the anti-Tra
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polyclonal antibody and the monoclonal antibody to the cMyc sequence failed to recognize
Tra531-cMyc encoded by pSCON79 (data not shown), we discontinued use of this epitopemutagenized construct beyond this point.
Western blotting analysis of Tra has previously been realized by probing relevant E. coli
or Streptomyces whole cell extracts and Streptomyces cell fractions with polyclonal antibodies
raised against the Tra protein (Pettis and Cohen 1996). When we repeated this analysis with
epitope-mutagenized Tra proteins expressed in E. coli extracts, polyclonal antibodies also
recognized Tra13-HA1, Tra531-HA1, and Tra531-6His. Additionally, monoclonal antibodies to
the HA1 and 6His epitopes were able to specifically recognize the appropriate epitopemutagenized proteins with little cross-reactivity (Fig. 3.4B and Fig. 3.4C). The anti-HA1
monoclonal antibody reacted more strongly than did the anti-6His monoclonal antibody, and
longer exposure times were required to visualize the Tra531-6His protein (compare Fig. 3.4, lane
12 to lanes 8 and 9). Since all three epitope-mutagenized proteins reacted approximately equally
well with the anti-Tra antibodies (Fig. 3.4, lanes 3 to 5), the difference observed between the
anti-HA1 and anti-6His antibodies is likely due to the affinities of the antibodies for the epitopes,
and not due to lower levels of Tra531-6His expression in E. coli compared to Tra13-HA1 and
Tra531-HA1.
Construction of ptipA Expression Plasmids and Induction of Epitope-Mutagenized
Tra Proteins in Streptomyces. To visualize the epitope-mutagenized Tra proteins in
Streptomyces cell extracts, it was necessary to increase their levels of expression above that
allowed from the KorA-repressed tra promoter as present on pHYG3 derivatives since such
protein expression was not detectable (Appendix B). However, since unregulated tra expression
is lethal to Streptomyces (Kendall and Cohen 1987), we also required a means of limiting the
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amount of protein initially present in the cell, but which could be induced at the appropriate time.
The promoter for the tipA gene (ptipA) is induced in the presence of the antibiotic thiostrepton
(Murakami et al. 1989) in strains of S. lividans, such as the wild-type 1326, which encode the
TipAL protein (Chiu et al. 1999), and has been used to successfully induce expression of
proteins in Streptomyces (Smokvina et al. 1990). To further limit the level of uninduced ptipAdirected tra transcription, the low-copy plasmid pXE4 (Ingram et al. 1989) was used to construct
expression vectors as described in Materials and Methods (and as indicated on Fig. 3.2) for the
induction of the epitope-mutagenized Tra proteins. Plasmids pSCON109, pSCON110, and
pSCON141 contain the epitope-mutagenized tra13-HA1, tra531-6His, and tra531-HA1 genes,
respectively, downstream of ptipA. The spectinomycin/ streptomycin resistance gene on these
plasmids allows for their maintenance in Streptomyces, while the thiostrepton resistance gene on
the pXE4 portions of these plasmids (Fig. 3.2) allows for induction of the mutagenized tra genes
from the ptipA promoter.
Submerged S. lividans 1326 cultures harboring pSCON109, pSCON110, and pSCON141
were grown to mid-exponential phase in the presence of spectinomycin and streptomycin, but in
the absence of thiostrepton. These were then sub-cultured into identical fresh media to which
thiostrepton had been added, which allowed for induced expression of the epitope-mutagenized
proteins from ptipA. Total protein extracts were prepared from these cells and compared to a
similar culture containing pSCON111, identical to the other three plasmids but without an
epitope-mutagenized tra gene (Table 3.1). As shown in Fig. 3.5, cell extracts containing
pSCON111 reacted with none of the antibodies tested including polyclonal antibodies to Tra
(Fig. 3.5A, lane 1), monoclonal antibody to HA1 (Fig. 3.5B, lane 5), or monoclonal antibody to
6His (Fig. 3.5C, lane 8). In contrast, when probed with anti-Tra polyclonal antibodies, all three

83

A
250
98
64
50

B
1

2

3

4

C
5

6

7

8

250

250

98
64

98
64

50

50

9

FIG. 3.5. Expression of epitope-mutagenized Tra proteins in Streptomyces. Transcription
of tra genes containing epitope-encoding sequences was induced from the ptipA promoters on
pSCON109, pSCON110, and pSCON141 by the addition of thiostrepton to submerged S.
lividans 1326 cultures. After forty-eight hours of growth, cell extracts were prepared, and
then probed with an anti-Tra polyclonal antibody (A), anti-HA1 monoclonal antibody (B), or
anti-6His monoclonal antibody (C). Lanes 1, 5, and 8 are extracts containing pSCON111,
which is identical to pSCON109, pSCON110, and pSCON141, but lacks tra. Lanes 2 and 6
contain pSCON109, which encodes tra13-HA1. Lanes 3 and 7 contain pSCON141, which
encodes tra531-HA1. Lanes 4 and 9 contain pSCON110, which encodes tra531-6His. The
arrow to the right of panel C, lane 9, indicates the position of the faint protein band that
reacted with the anti-6His antibody. Molecular weight size standards in kilodaltons are given
to the left of each gel.
plasmids encoding epitope-mutagenized Tra proteins revealed 70-kDa bands (Fig. 3.5A) that
were consistent with the ones seen when these proteins were induced from the T7 promoter in E.
coli BL21 (DE3) (Fig. 3.4), as well as several bands of lower molecular weight that may
represent breakdown products of Tra. The presence of apparent breakdown products in
Streptomyces cell extracts that were not also present (or present at much lower levels) in E. coli
extracts (Fig. 3.4) may indicate that in the natural host, the Tra protein is degraded to prevent a
buildup of this potentially lethal product in the cell. Upon probing with the monoclonal antiHA1 antibody, cell extracts containing Tra-13-HA1 or Tra-531-HA1 revealed these same 70kDa proteins (Fig. 3.5B, lanes 6 and 7, respectively), though the antibody reaction with Tra531-
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HA1 appeared to be stronger, as well as an apparent breakdown product of Tra-531-HA1.
Finally, the anti-6His monoclonal antibody revealed the presence of Tra531-6His (Fig. 3.5C,
lane 9), although this reaction was very faint, and was only detectable after several minutes of
exposure to film.
In order to determine whether the ptipA-induced, epitope-mutagenized Tra proteins are
localized exclusively to the cell membrane, as has been reported for wild-type Tra (Pettis and
Cohen 1996), we next examined cytoplasmic and membrane cell fractions of submerged S.
lividans 1326 cultures by Western blotting as described in the previous section. Because the
anti-HA1 antibody reacted much more strongly with Tra13-HA1 and Tra531-HA1 than did anti6His with Tra531-6His (Fig. 3.5), we focused exclusively on cell fractions containing
pSCON109 (Tra13-HA1) and pSCON141 (Tra531-HA1). For both of these plasmids, epitopemutagenized protein identified by Western blotting was found entirely in membrane fractions of
induced cells (Fig. 3.6, lanes 5 and 9); as expected, when membrane fractions of induced S.
lividans 1326 containing pSCON111 were probed with anti-HA1, no bands were evident (Fig.
3.6, lane 1). No HA1-mutagenized Tra protein was detected in cytoplasmic fractions from either
induced or uninduced cells containing pSCON109 or pSCON141, (Fig. 3.6, lanes 2, 4, 6, and 8).
As seen for the corresponding whole cell extracts (Fig. 3.5), apparently more Tra531-HA1
protein than Tra13-HA1 was present in induced membrane fractions (compare lane 9 to lane 5 in
Fig. 3.6), and a faintly reactive band was also evident in the membrane fraction of uninduced S.
lividans 1326 containing pSCON141 (Fig. 3.6, lane 7), though no analogous band was detectable
for uninduced Tra13-HA1 (Fig. 3.6, lane 3). The largest bands of approximately 70 kDa in size
correspond to the Tra proteins seen in Western blots of whole cell E. coli and S. lividans 1326
extracts (Figs. 3.4 and 3.5), while the lower molecular weight bands may be breakdown products
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FIG. 3.6. Localization of epitope-mutagenized Tra proteins to cell membrane fractions.
Transcription of tra genes containing epitope-encoding sequences was induced from the ptipA
promoters on pSCON109 and pSCON141 by the addition of thiostrepton to submerged S.
lividans 1326 cultures. After forty-eight hours of growth, cells were harvested and
fractionated as described in Materials and Methods, and then probed with an anti-HA1
monoclonal antibody. Cell fractions from identical, but uninduced, cultures were also
examined. Fractions from induced cultures (I) and uninduced cultures (U) are indicated.
Lane 1 contains the membrane fraction of induced S. lividans 1326 cells harboring
pSCON111, which is identical to pSCON109 and pSCON141, but lacks a mutagenized tra
gene. Lanes 2 through 5 contain pSCON109, which encodes tra13-HA1. Lanes 6 through 9
contain pSCON141, which encodes tra531-HA1. Even numbered lanes contain cytoplasmic
fractions; odd numbered lanes contain membrane fractions. Molecular weight size standards
in kilodaltons are given to the left.
resulting from degradation of the potentially lethal Tra protein in the cell, as observed for
Western blots of similar whole cell extracts (Fig. 3.5).
Detection of Tra531-HA1 Protein by Immunofluorescence Microscopy. Because
Western blotting revealed that Tra531-HA1 is localized exclusively to cell membrane fractions,
we next examined mycelia in which expression of this protein is induced by transcription from
ptipA using immunofluorescence microscopy. Potentially, this method may indicate sites within
mycelia where Tra functions in conjugal DNA transfer. Although both Tra13-HA1 and Tra531HA1 were present in Western blots of Streptomyces cells (Fig. 3.5 and Fig. 3.6) and localized to
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cell membrane fractions (Fig. 3.6), we focused on submerged S. lividans 1326 cultures harboring
pSCON141 for microscopy, since the mutagenized protein expressed from this plasmid was
functionally wild-type (Fig. 3.3 and Table 3.2), and because the reaction of the anti-HA1
antibody was stronger with Tra531-HA1 than with Tra13-HA1 (Fig. 3.5 and Fig. 3.6). Cells
were induced for expression of Tra531-HA1 from ptipA as they were for Western blotting, and
then prepared for microscopy as described in Materials and Methods. The fluorescent, lipophilic
dye FM4-64, which has been used to stain membranes from a variety of prokaryotic and
eukaryotic cells, was included to allow for illumination of the mycelia while examining fields for
immunologically stained Tra531-HA1 proteins. The monoclonal antibody used to probe the redstained mycelia was conjugated to a fluorescein moiety to allow for direct visualization of the
protein without the necessity for a secondary antibody.
Both uninduced (Fig. 3.7A) and induced (Fig. 3.7B) S. lividans cells containing
pSCON141 were examined by immunofluorescence microscopy at magnifications ranging from
400X to 2000X. In all cases for both uninduced and induced samples, the arrangements of cells
on the slides were similar, with several large groupings of mycelia and some smaller groupings
fluorescing red. At lower magnifications, immunologically tagged Tra531-HA1 was observed as
green spots among only the cells in the induced samples, and never in uninduced cells, which
appeared similar to mycelial fragments harboring the cloning vector pSCON111 (data not
shown). At a magnification of 2000X and within smaller groupings of induced cells were
sometimes seen discrete green spots (Fig. 3.7B) that were also not visible in the uninduced
sample at the same magnification. Tra531-HA1 was typically observable within individual
hyphal fragments that were near other mycelia not displaying the protein, as shown in Fig. 3.7B.
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FIG. 3.7. Immunofluorescence microscopy of Tra-531-HA1. Mycelial fragments from
cultures of S. lividans 1326 containing pSCON141 were treated as described in Materials and
Methods, then stained red with the membrane-specific fluorescent dye FM4-64 and examined
directly by immunofluorescence microscopy at a magnification of 2000 X. (A) Uninduced S.
lividans 1326 containing pSCON141. (B) Induced S. lividans 1326 containing pSCON141.
Fields shown are representative of the entire samples. Uninduced cells never displayed green
spots indicating interaction of the FITC-conjugated monoclonal anti-HA1 antibody with the
mycelia. Induced cells displayed several regions of interaction with some mycelia, visualized
as a series of green spots. Scale bars for each sample are indicated.

These results confirm that the Tra531-HA1 protein is induced in mycelia harboring
pSCON141, as demonstrated in Western blots of Streptomyces whole cell extracts (Fig. 3.5) and
membrane fractions (Fig. 3.6), since it was observed in at least some induced cells, and never in
uninduced cells (Fig. 3.7, compare panel B to panel A). The protein was not visible in all
mycelia contained within the induced sample, however, indicating that not every potential copy
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of tra531-HA1 was being expressed during growth in the presence of thiostrepton. This is
possible, since Streptomyces grow in submerged cultures as large orbs of mycelia, and only the
fragments on the outer edges may be continually exposed to and taking up the antibiotic after
some period of time. This would still allow for observation of the protein by Western blotting,
but upon microscopic examination, cells that are expressing the gene of interest would be
distinguishable from those not being induced.
The Tra531-HA1 protein observed by Western blotting and immunofluorescence
microscopy is expressed from the inducible ptipA promoter, and not the tra promoter as present
on pHYG3 derivatives used to assess conjugal function of the proteins. Therefore, the question
remains as to whether or not the protein present under these conditions is physiologically
relevant regarding transfer functions. We have yet to examine conjugal transfer mediated by the
epitope-mutagenized Tra proteins when they are expressed from ptipA. If mating is found to
occur when the protein is induced, then the groupings of spots within the mycelia would be
indicative of at least some proper localization along the lengths of mycelia. Additionally, by
increasing the resolution of our microscopic examination, a clearer picture of the localization of
Tra may emerge.
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CHAPTER 4:
COMMON AND DISTINGUISHING REGULATORY AND
EXPRESSION CHARACTERISTICS OF THE HIGHLY RELATED KorB
PROTEINS OF STREPTOMYCETE PLASMIDS pIJ101 AND pSB24.2*

*Reprinted by permission of Journal of Bacteriology
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INTRODUCTION
The gram-positive soil actinomycete Streptomyces is well known for having a
developmentally complex life cycle as well as for producing a wide variety of medically and
industrially important antibiotics and other compounds during this course of development.
Vegetative growth of Streptomyces on solid media or in its natural soil environment occurs as a
tangled mass of multigenomic hyphae termed the substrate mycelium; as nutrients become
scarce, the bacteria differentiate into a vertically-directed aerial mycelium, inside of which
regularly spaced crosswalls form (Chater 1993). It is during this stage of development that
antibiotics and other secondary metabolites are produced, marking the onset of physiological
differentiation of Streptomyces (Champness and Chater 1994). Morphological development
culminates with the formation of dormant, unigenomic spores within the now compartmentalized
aerial hyphae, each of which is capable of germinating into a new substrate mycelium when reintroduced to favorable growth conditions (Chater 1993). Both morphological and physiological
differentiation occur when Streptomyces spp. grow on a solid substrate. In submerged culture,
however, species such as Streptomyces lividans differentiate physiologically without
concomitant morphological differentiation, and instead grow as aggregates of mycelia that
increase in density exponentially over time, then remain at a steady stationary level (Champness
and Chater 1994).
Streptomyces bacteria are notable not only for their life cycle and the production of
secondary metabolites, but also for the multitude of conjugative plasmids found throughout the
group. Streptomycete plasmids may mobilize DNA through novel transfer mechanisms,
particularly considering the relatively few transfer functions they encode (Hopwood and Kieser
1993). The 8,830-bp (Kendall and Cohen 1988) high-copy-number S. lividans plasmid pIJ101
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(Kieser et al. 1982), for example, requires only two plasmid functions, the tra gene (Kendall and
Cohen 1987) and the cis-acting locus of transfer (clt), for intermycelial plasmid transfer to
proceed from a donor to surrounding plasmid-free recipients (Pettis and Cohen 1994). Besides
tra and clt, pIJ101 also encodes three non-essential “spread” genes, spdA, spdB, and kilB, which
function to increase the radial distance of plasmid dissemination within a population of potential
recipients subsequent to the initial transfer act (Kendall and Cohen 1988, Kendall and Cohen
1987), presumably through an intramycelial mechanism (Kieser et al. 1982, Pettis et al. 2001).
Of the three pIJ101 spread functions, only kilB is preceded by its own promoter (Stein et al.
1989), and expression of kilB from that promoter results in a lethal (kil) phenotype unless the
corresponding plasmid-encoded kil-override (kor) gene, korB, is present (Kendall and Cohen
1987). korB, which regulates its own expression (Stein et al. 1989), may also control copy
number of pIJ101 (Deng et al. 1988) through interaction with the sti locus (Tai and Cohen 1993,
Tai and Cohen 1994), the site for second strand initiation during rolling circle replication of the
plasmid (Deng et al. 1988, Gruss and Ehrlich 1989).
KorB appears to be initially expressed as a 10-kDa protein (Stein and Cohen 1990, Tai
and Cohen 1993, Zaman et al. 1992) that is apparently immediately processed towards its Cterminal end to produce a mature 6-kDa repressor (Fig. 1A) (Tai and Cohen 1993). In previous
studies examining the expression of KorB, only the 6-kDa form was detected in S. lividans,
while both the 10-kDa and 6-kDa forms were present in the heterologous host Escherichia coli.
The mature form of KorB was shown to have a 20-fold higher binding affinity for the kilB
promoter than the unprocessed form when both were individually isolated from E. coli (Tai and
Cohen 1993).
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The conjugative plasmid pSB24.1, originally isolated from Streptomyces cyanogenus,
undergoes spontaneous deletion when introduced into S. lividans and forms the stable 3.7-kb,
non-conjugative derivative pSB24.2 (Bolotin et al. 1986). Although the parental plasmid has not
been available for further study, pSB24.2 was found to be highly similar in sequence and
organization to a portion of pIJ101 and includes analogous korB and clt functions, a potential sti
locus, and the 3’ end of a putative kilB gene (Pettis and Prakash 1999). Such strong relatedness
between the two plasmids despite being derived from separate species suggested a common
ancestral origin and prompted a determination of whether transfer-related functions had
remained conserved between them. Indeed, it was shown that the essential pIJ101 transfer locus
clt could be complemented by the analogous (85% identical) region from pSB24.2 without
significantly affecting plasmid transfer efficiency. Similarly, korB (pSB24.2), which shows a
striking 97.5% identity to the pIJ101 korB gene, was shown to be capable of overriding pIJ101
kilB-associated lethality when, upon transformation, these genes were co-introduced on separate
replicons into S. lividans (Pettis and Prakash 1999).
From sequence comparisons, differences between the KorB protein of pIJ101 (Fig. 4.1A)
and the putative KorB analog of pSB24.2 (Fig. 4.1B) are at only two amino acid positions: a
glutamine at residue 3 of KorB (pIJ101) is a histidine in KorB (pSB24.2) (Q3 to H3 in Fig. 4.1),
and a glutamic acid at residue 30 of KorB (pIJ101) is a lysine in KorB (pSB24.2) (E30 to K30 in
Fig. 4.1). Based on their relative positions within the full-length KorB (pIJ101) protein, both the
Q3 and E30 residues are predicted to be contained within the 6-kDa mature repressor form (Tai
and Cohen 1993); interestingly, the E30 position is also located in a predicted α-helix-turn-αhelix DNA-binding domain (Kendall and Cohen 1988) of that protein (Fig. 4.1A).
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putative DNAbinding domain

A
KorB
(pIJ101)

10 kDa
Q3

E30
Processing

6 kDa
Q3

putative DNAbinding domain

B
KorB
(pSB24.2)

E30

10 kDa
H3

K30

FIG. 4.1. KorB proteins encoded by plasmids pIJ101 and pSB24.2. (A) KorB encoded by
pIJ101 as represented by open horizontal arrows in both unprocessed full-length 10-kDa and
mature 6-kDa forms. A region previously identified (Kendall and Cohen 1988) as a putative
DNA-binding domain is indicated as is the approximate position of post-translational cleavage
toward the C-terminal end. Amino acid positions Q3 (glutamine) and E30 (glutamic acid) are
indicated on both the unprocessed and mature forms. (B) The full-length 10-kDa form of
KorB encoded by pSB24.2. The putative DNA-binding domain, identical in sequence to the
analogous region from KorB (pIJ101) with the exception of a lysine at amino acid position 30
(K30), is indicated. Amino acid position H3 (histidine) designates the only other sequence
difference between the two KorB proteins. kDa, kilodaltons.

Since korB (pSB24.2) was capable of substituting for korB (pIJ101) in over-riding pIJ101
kilB gene lethality and since the two KorB proteins are nearly identical in sequence, we
anticipated that they may share similar if not identical biological properties with regard to their
DNA binding and expression characteristics. Using a reporter gene assay, we show here that
KorB (pSB24.2) repression of the pIJ101 kilB gene promoter is equally effective as that of KorB
(pIJ101), although other DNA binding properties as determined using the electrophoretic
mobility shift assay (EMSA) and DNase I footprinting show some differences. Using Western
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blotting involving antibodies that recognize both proteins, we also show that KorB (pSB24.2)
surprisingly exists in both S. lividans and S. cyanogenus in several forms that range in size from
10 to 6 kDa; KorB (pIJ101) meanwhile persists in only its 6-kDa mature form in both species.
Finally, expression patterns for both KorB proteins as seen in the presence (i.e., on solid
surfaces) and in the absence (i.e., in liquid culture) of morphological differentiation demonstrate
a strong correlation between sporulation and an obvious increase in concentration of both the 6kDa KorB (pIJ101) protein and the multiple forms of KorB (pSB24.2). Our results thus reveal
both common and distinguishing biological properties of these KorB proteins with respect to
their repressor function, DNA binding ability, processing, and linkage of expression or
accumulation to streptomycete development.
MATERIALS AND METHODS
Strains, Plasmids, and Molecular Biological Methods. E. coli, S. lividans, and S.
cyanogenus strains as well as plasmids used in this study are listed in Table 4.1. Ampicillin was
included at 50 µg/ml when growing plasmid-containing E. coli strains (Hopwood et al. 1985);
when growing Streptomyces strains containing resistance-encoding plasmids, thiostrepton was
included at concentrations of 50 µg/ml or 5 µg/ml in solid or liquid media, respectively, and
hygromycin was included at concentrations of 200µg/ml or 20 µg/ml in solid or liquid media,
respectively. Standard molecular biology protocols (Sambrook et al. 1989) and enzymes
purchased from New England BioLabs or Invitrogen were used to construct various pGSP and
pSCON plasmids listed in Table 4.1. PCR performed as described by Pettis et al. (2001), was
used to construct plasmids pSCON20 and pSCON30 except that plasmid pGSP368 was the
amplification template and Pfu polymerase (Stratagene) was used. pSCON20 was made
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TABLE 4.1. Bacterial strains and plasmids used in this study.
Strain or
plasmid

Relevant genotype or description

Source or reference

Strains
Escherichia coli
BL21(DE3)

F- hsdS (rB-mK-) gal with T7 RNA polymerase gene
in chromosome

BRL2288

Gibco BRL
recA56 derivative of MC1061 (F- araD139 ∆(araleu)7679 ∆lacX74 galU galK hsdR2 (rK mK ) mcrB1
rpsL)

DH10B

F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlacZDM15
∆lacX74 deoR recA1 endA1 araD139 ∆(araleu)7697 galU galK λ- rpsL nupG

Studier and Moffat
1986

Gibco BRL

Streptomyces lividans
TK23

Kieser et al. 2000

spc-1

“Streptomyces cyanogenus”
NRRL B12354

Type strain

ARS (NRRL)
Culture Collection,
Peoria, IL

pBluescript II
SK+

Apr E. coli cloning vectora

Stratagene

pET30a+

Kmr E. coli cloning vector with T7 promoter
upstream of N-terminal 6X-histidine tag

Novagen

pGSP290

pSP72 with the 1.0-kb BalI-PstI region of pIJ101
that contains kilB and its promoter at EcoRV

Pettis and Prakash
1999

pGSP311

pSP72 with the 74-bp FspI-BstEII pIJ101 region
containing the kilB promoter cloned as a 0.1-kb
EcoRI fragment

Ducote et al. 2000

pGSP362

pBluescript II SK+ with the 1.7 kb hyg gene
(Kieser et al. 2000) cloned as a HindIII-BamHI
fragment

This study

pGSP368

pGSP362 with pSB24.2 linearized at MluI and
inserted at BssHII (nt 792 of GenBank # X52328)
so that korB is positioned near BamHI of the vector

This study

pHYG1

Conjugally deficient Hygr deletion derivative of
pIJ101 lacking all known transfer functions

Kendall and Cohen
1987

Plasmids
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TABLE 4.1 continued
pHYG1:D8

pHYG1 derivative containing 1.2-kb BclI region of
pIJ101 that includes korB

Kendall and Cohen
1987

pIJ303

Conjugative Tsrr derivative of pIJ101

Kieser et al. 1982

r

pSB24.202

Tsr derivative of pSB24.2

Pettis and Prakash
1999

pSCON2

pXE4 with the 351-bp PstI-BstEII region of pIJ101
at HindIII-BamHI so that transcription from the
kilB promoter is in the direction of xylE

Kevin Schully

pSCON20

pSP72 with the 0.3-kb pSB24.2 korB gene cloned
as a XbaI-XhoI fragment at these same sites

This study

pSCON22

pSCON20 with pHYG1 linearized at PstI and
inserted as a blunt-end fragment at EcoRV

This study

pSCON30

pET30a+ with the 0.3-kb pSB24.2 korB gene
cloned as a BamHI-XhoI fragment at these same
sites

This study

pSCON34

pGSP290 deleted from SalI in the vector to SalI in
the pIJ101 orf66 open reading frame

This study

pSCON38

pSP72 with the 191-bp SalI-BstEII pIJ101 region
containing the kilB promoter cloned as a XhoI-XbaI
fragment (derived from pSCON34) at these same
sites

This study

pSCON57

pSP72 with the 0.3-kb MluI-SpeI fragment of
pIJ101 containing korB cloned as a blunt-end
fragment at EcoRV

Kevin Schully

pSCON61

pSCON2 with the 0.3-kb MluI-SpeI region of
pIJ101 containing korB cloned as a BamHI-BglII
fragment (derived from pSCON57) at BglII

Kevin Schully

pSCON95

pSP72 with the 0.3-kb EcoRV-XhoI fragment
containing the pSB24.2 korB gene (derived from
pSCON20) cloned as a blunt-end fragment at
EcoRV

This study

pSCON98

pSCON2 with the 0.3-kb EcoRV-XhoI fragment of
pSB24.2 containing korB cloned as a BamHI
fragment (derived from pSCON95) at BglII

This study

pSP72

Apr E. coli cloning vector

Promega
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TABLE 4.1 continued
pXE4

Tsrr SCP2* derivative with promoterless xylE
reporter gene

Ingram et al. 1989

a

Apr, Kmr, Hygr, and Tsrr indicate resistance to ampicillin, kanamycin, hygromycin, and
thiostrepton, respectively.

by first amplifying a 283-bp DNA fragment using primers korB.eq-5 (5’-AAAAATCTAGAGC
CCATGACGCAGGCTGACAC-3’) and revkorB242 (5’-AAAAACTCGAGCTAGCT TCCG
GAGCCCTTCTC-3’); the resulting product was extracted and precipitated as previously
described (Pettis et al. 2001), then digested to completion with XbaI and XhoI and ligated into
pSP72 at these sites. pSCON30 was constructed by amplifying a 266-bp DNA fragment using
primers BamkrB242F (5’-AAAAAAGGATCCATGACGCACAAGACACCG-3’) and
XhokrB242R (5’-AAAAACTCGAGCTAGCTTCCGGAGCCCTTC-3’); subsequently this
product was treated similarly to the fragment used to create pSCON20, except that digestion was
with BamHI and XhoI and ligation was into pET30a+ at these sites so that korB (pSB24.2) was
in frame with the N-terminal 6X-histidine tag. Chemical transformation of E. coli BRL2288 was
according to Sambrook et al. (1989), while electroporation of E. coli DH10B was performed
using a Bio-Rad Gene Pulser II along with the manufacturer’s instructions. Transformation of
Streptomyces bacteria was performed according to Kieser et al. (2000) Unless otherwise
indicated, cell extracts were prepared and their total protein concentrations quantified as
described previously (Pettis and Cohen 1996) using bovine serum albumin as a standard.
Catechol Dioxygenase (XylE) Analysis. For XylE assays, relevant S. lividans TK23
cultures were grown from spore suspensions inoculated into 25 ml yeast extract-malt extract
(YEME) media (Kieser et al. 2000) with shaking (300 rpm) at 30°C. When culture densities
reached 0.8 to 1.0 OD600 units, 1-ml aliquots were harvested from which protein extracts were
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prepared, and measurement of catechol dioxygenase activity was determined as described by
Ingram et al (1989). For three separate trials of each sample, the average change in absorbance
at 375 nm over six minutes was recorded and converted to milliunits of catechol dioxygenase per
milligram of total protein (Sala-Trepat and Evans 1971).
EMSA and DNase I Footprinting Analysis of the pIJ101 kilB Promoter. Relevant S.
lividans TK23 cultures used to obtain KorB-containing cell extracts were grown as indicated
above until culture densities reached 0.5 to 0.7 OD600 units, whereupon they were harvested, and
cell extracts containing active KorB protein were prepared as described (Thompson et al. 1984)
in S30 cell lysis buffer, except that subsequent to lysis cell extracts were centrifuged twice for 30
min at 30,000 x g. kilB promoter binding by KorB proteins was performed as described by Tai
and Cohen (1993), with the following modifications. A 0.1-kb EcoRI fragment from pGSP311
containing the FspI-BstEII portion of the kilB promoter region was labelled on both ends using
[α-32P]dATP (6000 Ci/mmol; Amersham Biosciences) and the Klenow fragment of DNA
polymerase I (New England BioLabs), and the labelled fragment was then purified from excess
radionuclides using an S300 column (Amersham Biosciences). In a total volume of 20 µl,
approximately 17 µg of each relevant S. lividans TK23 cell extract was added to 30,000 cpm of
labelled fragment that had been pre-incubated in binding buffer (Tai and Cohen 1993), and
following further incubation for 10 min at room temperature, these samples were
electrophoresed on a 5% non-denaturing polyacrylamide gel in Tris-glycine buffer as described
(Ausubel et al. 1995). The gel was dried and analyzed by autoradiography. For EMSA
experiments involving varying concentrations of KorB (pSB24.2), serial 2-fold dilutions of S.
lividans TK23 (pSCON22) extracts were made in S30 buffer prior to the addition of equal
volumes to reaction mixtures.
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DNase I footprinting was performed using the same S. lividans TK23 cell extracts
employed for EMSA. Here, a 231-bp XbaI-XhoI fragment from pSCON38 containing the 191bp SalI-BstEII region of pIJ101 that includes the kilB promoter and the 3’ end of the open
reading frame orf66 (Kendall and Cohen 1988) was labelled at both ends using [α-32P]dATP and
the Klenow fragment of DNA polymerase I. The labelled fragment was digested at SalI near the
XhoI end, and this reaction mixture was then passed through an S400 column (Amersham
Biosciences) in order to separate the desired singly-labelled 225-bp fragment from excess
radionuclides and the 6-bp labelled SalI-XhoI fragment. Binding reactions and subsequent
DNase I digestion were performed as described by Tai and Cohen (1993), except that
approximately 72,000 cpm of the 225-bp fragment and 17 µg of each relevant S. lividans cell
extract were included in reactions and 50 ng of DNase I (Roche Diagnostics) was subsequently
used. Samples were electrophoresed on an 8% LongRanger (BioWhittaker) sequencing gel
alongside Maxam-Gilbert A+G reactions (Maxam and Gilbert 1980) of the same fragment. The
gel was dried and analyzed by autoradiography.
Generation of Anti-KorB Antibodies and Western Blot Analysis of Streptomyces
Cultures. Expression of a 6X-histidine-tagged version of KorB (pSB24.2) from the T7
promoter of the pET30a+ derivative pSCON30 was induced in E. coli BL21(DE3) grown in
Luria-Bertani broth (Sambrook et al. 1989) as described previously (Pettis et al. 2001). The
fusion protein was purified using a Ni2+ charged histidine-binding His-trap column (Amersham
Biosciences) according to the manufacturer, followed by electrophoresis on an 18% preparative
SDS-PAGE gel. The 16-kDa band corresponding in size to the induced fusion protein was
excised from the gel and used to raise antibodies in a rabbit by Animal Pharm Services, Inc.
Western blotting was performed as described previously (Pettis et al. 2001), except that proteins
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were separated on an 18% SDS-PAGE gel and the primary antiserum was used at a dilution of
1:1000. KorB protein bands on Western blots were quantified using the ZERO-Dscan Version
1.0 program from Scanalysis.
S. lividans TK23 plasmid-containing strains used to collect surface growth timepoints
were inoculated as spores onto cellophane membranes placed on R5 plates as described (Pettis et
al. 2001), and aliquots of these cultures were collected at the times indicated in the text. S.
lividans and S. cyanogenus plasmid-containing strains used to collect submerged culture
timepoints were inoculated as spores into YEME; these cultures were grown to a density of
between 0.1 and 0.3 OD600 units, whereupon they were diluted into 25 or 50 ml of fresh YEME
at a starting density of 0.05 OD600 units. Subsequent to this dilution and at the times indicated in
the text, aliquots were collected.
RESULTS
Equivalent Repression of Transcription from the pIJ101 kilB Promoter by Both
korB Genes. Since korB (pSB24.2) was capable of replacing its pIJ101 counterpart in the
previous transformation-based kil-override assay involving the pIJ101 kilB gene, (Pettis and
Prakash 1999), we tested here the ability of korB from pSB24.2 to repress pIJ101 kilB promoterdirected expression of xylE, a Pseudomonas putida gene that encodes an enzyme (catechol
dioxygenase) which breaks down the colorless substrate catechol to form a yellow product that
absorbs light at 375 nm (Sala-Trepat and Evans 1971). Plasmid pSCON2 (Fig. 4.2) was
constructed by inserting in the orientation shown a 351-bp PstI-BstEII fragment of pIJ101
containing the kilB promoter region upstream of the promoterless xylE gene on the low copy
vector pXE4 (Ingram et al. 1989). Submerged cultures of S. lividans TK23 containing pSCON2
plus various individual korB-containing derivatives of the hygromycin-resistant pIJ101 plasmid
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PstI

SalI

pIJ101
orf66

FspI

351 bp

BstEII

-35

+1

-10
HindIII

kilB

BamHI
xylE
pSCON2
17.9 kb

ori
bla

tsr

SCP2*

BglII
FIG. 4.2. The kilB-xylE fusion vector pSCON2. Plasmid pSCON2 contains the 351-bp
PstI-BstEII kilB-promoter-containing pIJ101 region inserted upstream of the xylE structural
gene in the orientation shown on the E. coli-Streptomyces shuttle vector pXE4 (Ingram et
al. 1989). The Streptomyces SCP2* replicon, tsr (thiostrepton resistance gene), bla (betalactamase gene), and pBR322 ori (origin of replication) regions of pXE4 are indicated as is
the position of inverted repeat sequences between the putative –35 and –10 determinants of
the korB-regulated kilB promoter. Upstream of the kilB promoter within the inserted
fragment is a pIJ101 open reading frame (orf66) of undetermined function (Kendall and
Cohen 1988). The line drawing for the 351-bp PstI-BstEII sequence of pIJ101 is not to
scale.

pHYG1 (Kendall and Cohen 1987) were grown to late exponential phase, and cell extracts were
prepared and assayed for catechol dioxygenase activity as described in the Materials and
Methods section.
The presence of pSCON2 allowed for the production of 22.9 +/- 1.5 milliunits of catechol
dioxygenase per mg of total protein in S. lividans TK23; this production was attributed to
expression of xylE as directed by the kilB promoter, since cells containing the promoterless
vector pXE4 showed no detectable catechol dioxygenase activity (Table 4.2). Addition of
pHYG1 to pSCON2-containing cells had little if any effect on kilB promoter activity (18.5 +/-
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TABLE 4.2. Comparative repression of pIJ101 kilB-promoter-directed xylE
transcription by the pIJ101 and pSB24.2 proteins.
kilB-xylE Plasmid
Name
pXE4

b

pSCON2

korB-containing Plasmid

Catechol Dioxygenase
(milliunits/ mg total protein)a

Feature

Name

Feature

no promoter

–

–

0

kilB promoter

–

–

22.9 ± 1.5

no KorB

18.5 ± 1.5

c

pSCON2

kilB promoter

pHYG1

pSCON2

kilB promoter

pHYG1:D8

KorB (pIJ101)

1.2 ± 1.2

pSCON2

kilB promoter

pSCON22

KorB (pSB24.2)

0

a

Numbers shown are based on the results from three separate assays (see Materials and
Methods).
b

pXE4 is the parental plasmid of pSCON2 and contains the promoterless xylE gene.

c

pHYG1 is the parental plasmid of pHYG1:D8 and pSCON22 and contains no korB
sequences.

1.5 milliunits per mg of total protein), a result that was in contrast to when either plasmid
pHYG1:D8 (Kendall and Cohen 1987), which contains korB (pIJ101), or pSCON22, which
contains the pSB24.2 korB gene, was present in cells in addition to pSCON2; in these latter
cases, little or no catechol dioxygenase activity was detectable (Table 4.2). Similarly, complete
repression by either korB function was also observed when, instead of expressing each from a
separate high copy plasmid, the korB (pIJ101) or korB (pSB24.2) genes were cloned directly
onto pSCON2 in order to create plasmids pSCON61 and pSCON98, respectively (Appendix B).
Thus in all of our assays, the pSB24.2 korB gene was equally effective at repressing transcription
from the pIJ101 kilB promoter as the natural pIJ101 korB repressor function.
Disparate Binding Characteristics Exist for the pIJ101 and pSB24.2 KorB Proteins.
KorB (pIJ101) expressed in either S. lividans or E. coli has been shown to bind and shift DNA
fragments containing the kilB promoter to a single higher position in electrophoretic mobility
106

shift assays (EMSA) (Tai and Cohen 1993, Zaman et al. 1992), and DNase I footprinting allowed
the site of interaction of this protein with the kilB promoter to be determined (Tai and Cohen
1993, Zaman et al. 1992). To test for binding of KorB (pSB24.2) to the pIJ101 kilB promoter,
we first utilized EMSA and compared the shift pattern of the pSB24.2 protein to that produced
by KorB (pIJ101). Here, relevant cell extracts (approximately 17 µg of each) were incubated
with the radiolabelled insert fragment of plasmid pGSP311, which contains the 74-bp FspIBstEII region spanning the kilB promoter region (Fig. 4.2) that was shown by previous EMSA
analysis to be bound by the pIJ101 KorB protein (Tai and Cohen 1993). Examination of the
banding patterns following gel electrophoresis and autoradiography revealed that, as expected, S.
lividans TK23 (pHYG1:D8) extracts containing KorB (pIJ101) shifted the kilB promoter
fragment to a single position (Fig. 4.3A, lane 3) relative to the unshifted band, which was present
when no extract (lane 1) or when a KorB- extract (i.e., prepared from cells containing pHYG1)
had been added (lane 2). In contrast, reactions involving TK23 (pSCON22) extracts containing
KorB (pSB24.2) yielded two different shifted bands including one that was near the KorB
(pIJ101)-induced band but with a slightly slower mobility (band I in lane 4) and an additional
significantly slower-migrating band (band II in lane 4), which appeared to be both less intense
and distinct than either the KorB (pIJ101)-shifted band or band I for the pSB24.2 KorB protein.
From these initial data, it was not possible to distinguish the order of appearance of the
KorB (pSB24.2)-DNA complexes represented by bands I and II. We therefore repeated the
EMSA analysis using the same labelled kilB promoter fragment along with serial dilutions of
KorB (pSB24.2)-containing TK23 (pSCON22) extracts with total protein concentrations ranging
from 0.53 µg to 17 µg. At the three lowest concentrations tested, only band I was observed (Fig.
4.3B, lanes 2-4), while at higher protein concentrations the more slowly migrating band II also
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FIG. 4.3. EMSA analysis of the korB-regulated pIJ101 kilB promoter using the KorB
proteins of pIJ101 and pSB24.2. (A) Approximately 17 µg of each relevant KorB-containing
S. lividans TK23 extract (prepared as described in the Materials and Methods section) was
incubated with 30,000 cpm of a radiolabelled 0.1-kb fragment which contains the 74-bp FspIBstEII kilB-promoter-containing region of pIJ101 (Fig. 4.2), and reactions were then subjected to
electrophoresis on a 5% non-denaturing polyacrylamide gel followed by autoradiography. Lane
1, no extract added; lane 2, TK23 (pHYG1) extract added; lane 3, KorB (pIJ101)-containing
TK23 (pHYG1:D8) extract added; lane 4, KorB (pSB24.2)-containing TK23 (pSCON22) extract
added. Two separate shifted bands (bands I and II) for KorB (pSB24.2) are indicated as is the
single KorB (pIJ101) shifted band. (B) Concentration dependent characteristics of KorB
(pSB24.2) binding to the pIJ101 kilB promoter. EMSA analysis was performed as described
above except that varying amounts of KorB (pSB24.2)-containing TK23 (pSCON22) cell
extracts were added to reactions. Total extract amount added: lane 1, none; lane 2, 0.53 µg; lane
3, 1.1 µg; lane 4, 2.1 µg; lane 5, 4.2 µg; lane 6, 8.4 µg; lane 7, 17 µg.

appeared (lanes 5-7). In a parallel dilution analysis of KorB (pIJ101)-containing extracts, a
second shifted band was never apparent even when up to 33 µg of total protein was tested
(Appendix B).
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To compare the actual sites of interaction of the two KorB proteins with the pIJ101 kilB
promoter, DNase I footprinting was employed with the same cell extracts used for EMSA along
with the radiolabelled kilB promoter-containing fragment derived from plasmid pSCON38,
which includes the 191-bp SalI-BstEII region of pIJ101 (Fig. 4.2) used previously for DNase I
footprinting involving KorB (pIJ101) (Tai and Cohen 1993). Though these experiments were
performed using extract amounts (i.e., 17 µg) that resulted in the appearance of multiple bands
for KorB (pSB24.2) in EMSA analysis, this effect did not translate into a more extensive
interaction of KorB (pSB24.2) with the kilB promoter as compared to KorB (pIJ101). As shown
in Fig. 4.4, while KorB (pIJ101) protected a region from –40 to +21 relative to the kilB
transcription start site (compare lane 3, which involves the KorB [pIJ101] extract to lanes 2, 4,
and 6, where a KorB- extract was used), a result which was in close agreement with the previous
determination (Tai and Cohen 1993, Zaman et al. 1992), protection by KorB (pSB24.2) began at
approximately the same upstream position but extended to only about the +3 position (lane 5).
Expression and Processing Characteristics of the pIJ101 and pSB24.2 KorB
Proteins. When expressed in S. lividans, KorB (pIJ101) is apparently present in its unprocessed
10-kDa form only transiently, to be cleaved immediately at some unknown site nearer its Cterminus in order to produce the mature 6-kDa repressor. The latter was the sole form of the
protein observed previously in liquid cultures of this organism (Tai and Cohen 1993) although its
expression or accumulation throughout morphological and physiological differentiation in
Streptomyces was not studied. To examine in a temporal manner the appearance of both KorB
(pIJ101) and KorB (pSB24.2) in S. lividans, we used Western blotting involving antibodies
raised against a 6X-histidine-tagged version of the 10-kDa KorB (pSB24.2) protein expressed in
E. coli (see Materials and Methods for details) and probed extracts of relevant S. lividans surface
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Protected by KorB (pIJ101)

Protected by KorB (pSB24.2)

- 35
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FIG. 4.4. Comparative DNase I footprinting of the korB-regulated kilB promoter by the
KorB proteins of pIJ101 and pSB24.2. A fragment containing the 191-bp SalI-BstEII
region of pIJ101 that includes the kilB promoter (Fig. 4.2) was radiolabelled on the coding
strand, incubated with 17 µg of each relevant S. lividans cell extract, and then assayed by
DNaseI footprinting as described in the Materials and Methods section. Lane 1, MaxamGilbert A+G reactions of the same fragment; lanes 2, 4, and 6, TK23 (pHYG1) extract added;
lane 3, KorB (pIJ101)-containing TK23 (pHYG1:D8) extract added; lane 5, KorB (pSB24.2)containing TK23 (pSCON22) extract added. The putative –35, –10, and +1 elements of the
kilB promoter as described previously (Stein et al. 1989) are indicated to the left of the lanes.
Protected regions from –40 to +21 relative to the kilB transcription start site for KorB
(pIJ101) and from –40 to +3 for KorB (pSB24.2) are based on the data presented here. Two
independent trials of the DNase I footprinting analysis shown produced identical results.
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cultures which had been cultivated to various representative stages of growth. Cultures of S.
lividans TK23 containing plasmid pIJ303 (Kieser et al. 1982), a thiostrepton-resistant
conjugative derivative of pIJ101, showed the expected 6-kDa mature form of KorB (pIJ101),
which was initially present at barely detectable levels throughout the substrate mycelial (Fig.
4.5A, 18 and 24 h) and aerial mycelial (36 and 48 h) stages of growth, followed by a marked
increase in concentration upon sporulation (144 h). In a parallel experiment involving strain
TK23 containing plasmid pSB24.202 (Pettis and Prakash 1999), a thiostrepton-resistant
derivative of pSB24.2, multiple forms of KorB (pSB24.2) corresponding in size to 10, 8.5, 8, and
6 kDa were also present at barely detectable levels throughout the two mycelial growth stages
(Fig. 4.5A, 18-48 h), which was followed again by an increase in concentration for all forms
following sporulation (144 h). As expected, no proteins in the size range of 6-10 kDa were
detectable in control TK23 extracts even when they were prepared from spores (Fig. 4.5A, 144
h). When the multiple forms of KorB (pSB24.2) were quantified by densitometric scanning
(data not shown), there appeared to be nearly 5-fold more of this protein in spores compared to
the concentration of the sole 6-kDa form for KorB (pIJ101) at this same stage.
To examine the temporal pattern of expression or accumulation of the two KorB proteins
under conditions where physiological but not morphological differentiation occurs, submerged
cultures of S. lividans TK23 containing either pIJ303 or pSB24.202 were sampled at various
times throughout exponential and stationary growth phases and then probed again by Western
blotting. Here, both proteins appeared overall in more gradually increasing amounts throughout
growth as opposed to their distinctive biphasic patterns displayed in surface cultures.
Specifically, the mature 6-kDa repressor form of KorB (pIJ101) was again present during early
growth (Fig. 4.5B, 7 h) at a very low concentration but then steadily increased in amount as the
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FIG. 4.5. Appearance and processing of KorB (pIJ101) and KorB (pSB24.2) throughout
differentiation of S. lividans. Spores of S. lividans TK23 containing either the pIJ101
derivative pIJ303 (Kieser et al. 1982) or the pSB24.2 derivative pSB24.202 (Pettis and
Prakash 1999) were used to inoculate either (A) R5 agar plates or (B) YEME broth and cells
were harvested at the indicated times (in hours). Protein extracts were separated on 18%
SDS-PAGE gels, transferred to nitrocellulose, and probed with antibodies raised against the
6X-histidine tagged, unprocessed (10 kDa) form of KorB (pSB24.2). The sizes of KorB
(pSB24.2) larger than 6 kDa are given on the right, while the positions of 15-kDa and 6-kDa
molecular mass standards for (A) and 16-kDa and 6-kDa molecular mass standards for (B) are
indicated on the left.
cells progressed through late exponential phase (21 h) and then into early and later stationary
phase time periods (45 and 93 h, respectively). Similarly, for KorB (pSB24.2), gradually
increasing amounts of the 10 and 8.5-kDa forms were apparent during these same growth
periods, although the additional 6-kDa form appeared at a relatively steady concentration
throughout (Fig. 4.5B, 7-93 h). Again, control extracts prepared from TK23 cells grown to late
stationary phase showed no evidence of KorB-related bands (Fig. 4.5B, 93 h). Taken together,
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the Western blotting results indicate that while KorB concentration may be affected under certain
growth conditions (e.g., submerged culture) by as-yet-undetermined physiological parameters,
the marked increase in KorB concentration observed in spores appears to be linked specifically
to this morphological event.
Processing Characteristics of Both KorB Proteins Are Conserved between Species.
The presence of KorB (pSB24.2) forms of sizes greater than 6 kDa raised the possibility that
processing of this protein in the heterologous host S. lividans is inefficient or aberrant. To
examine this possibility further, we used Western blotting to probe a stationary phase submerged
culture of S. cyanogenus strain NRRL B-12354 containing pSB24.202 for its KorB (pSB24.2)
protein profile, since S. cyanogenus is the reported host of the parental plasmid pSB24.1 (Bolotin
et al. 1986). Interestingly, KorB (pSB24.2) showed the same profile in S. cyanogenus (Fig. 4.6)
as was seen in S. lividans submerged cultures (Fig. 4.5B); this result thus argues that processing
of KorB (pSB24.2) in the heterologous S. lividans host is proceeding relatively normally. In a
parallel experiment, when the profile of KorB (pIJ101) was examined in S. cyanogenus cells
containing plasmid pIJ303, only the 6-kDa mature repressor form of this protein was observed
(Fig. 4.6), which extends the notion that processing for these KorB proteins remains conserved
between the two streptomycete species tested.
DISCUSSION
In a previous study, the clt and korB loci of plasmid pSB24.2, which is a transferdefective deletion derivative of the conjugative S. cyanogenus plasmid pSB24.1, were shown to
be capable of complementing the corresponding loci of the well-studied S. lividans plasmid
pIJ101. As measured by quantitative mating assays, the clt locus of pSB24.2 functioned as
efficiently as clt (pIJ101) during plasmid transfer mediated by the pIJ101 tra gene. Likewise, the
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FIG. 4.6. Processing of KorB (pIJ101) and KorB (pSB24.2) in S. cyanogenus. Spores of
S. cyanogenus NRRL-B12354 containing either pIJ303 or pSB24.202 were used to inoculate
YEME broth, and cells were harvested at the indicated times (in hours). Protein extracts were
analyzed by Western blotting as described in the legend to Fig. 4.5. The sizes of KorB
(pSB24.2) forms greater than 6 kDa are indicated on the right, while the positions of 16-kDa
and 6-kDa molecular mass standards are shown on the left.
korB gene of pSB24.2 overrode the lethal effects of unregulated pIJ101 kilB expression in a cotransformation experiment (Pettis and Prakash 1999). Here, using a quantitative reporter gene
assay, we have extended upon the previous study by showing that korB (pSB24.2) is equally
effective as korB (pIJ101) at repressing transcription from the pIJ101 kilB gene promoter. These
data thus provide additional evidence that the related plasmids pIJ101 and pSB24.1, though
derived from different species, probably encode identical conjugation systems whose
components are essentially interchangeable.
Although the two korB genes functioned interchangeably in vivo with respect to
repression of the pIJ101 kilB promoter, there were significant differences in the processing of
their nearly identical full-length 10-kDa KorB products. Because KorB (pIJ101) is observable
only in the mature 6-kDa form in S. lividans, it has been presumed that once synthesized the 10kDa form is immediately processed to the mature repressor form, and it was determined
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previously that this processing occurs towards the C-terminal rather than towards the N-terminal
end of the protein (Tai and Cohen 1993). In the case of KorB (pSB24.2), the full-length
molecule was often readily apparent in S. lividans along with up to three smaller forms of 8.5, 8
and 6 kDa. Although not investigated here, it is tempting to speculate that these multiple forms
result from either sequential or possibly random processing of the 10-kDa precursor from the Cterminal end; in this case, the smallest product would be a 6-kDa form which retains the putative
DNA binding domain (Fig. 4.1) originally identified for KorB (pIJ101) and which, based on
previous DNA binding studies of KorB (pIJ101), might have the highest affinity for its operator
sequences (Tai and Cohen 1993). The possibility that the multiple forms of KorB (pSB24.2) are
instead the result of inefficient or aberrant processing exclusively in the heterologous S. lividans
host was ruled out when the same KorB (pSB24.2) profile was observed in S. cyanogenus, the
natural host of the parental plasmid, pSB24.1 (Bolotin et al. 1986).
Our data taken together thus support the notion that, in contrast to KorB (pIJ101),
relatively stable multiple forms of KorB (pSB24.2) protein are naturally present during
streptomycete growth. It is plausible that even if the 6-kDa form does represent the primary
repressor molecule as is the case for KorB (pIJ101), the additional pSB24.2 forms may still
participate in some if not all of the regulatory functions known to be associated with KorB
repressor activity. For KorB (pIJ101) these include binding at its cognate operator sequences
within the promoter regions of the pIJ101 kilB and korB genes as well as potentially interacting
with the sti locus to control pIJ101 copy number.
What purpose is served by the relatively higher concentration of KorB seen in
metabolically inactive spores? It is possible that KorB is at its highest level during the resting
stage of the Streptomyces life cycle to ensure some aspect(s) of its regulation (i.e., repression of
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kilB, auto-regulation of korB, or control of plasmid copy number) upon germination, and
outgrowth of newly formed plasmid-containing substrate hyphae. The specific regulatory role
for korB that may be of particular importance for the germination process remains to be
determined.
As demonstrated here, the onset of sporulation appears to serve as a morphological cue
for increased expression or accumulation of the KorB proteins of both plasmids pSB24.2 and
pIJ101. In contrast, it was previously found that pIJ101 KorA repressor concentration was
reduced by about one-half following sporulation in S. lividans (Pettis and Cohen 1996).
Meanwhile, a temporally increasing pattern of KilB protein accumulation as well as the temporal
disappearance of pIJ101 Tra protein during streptomycete differentiation were attributed to
changes in as-yet-undetermined physiological parameters, since these same respective trends
were observed in both surface and submerged S. lividans cultures (Pettis and Cohen 1996, Pettis
et al. 2001). Clearly, more study is needed to understand the complex interplay between the
differentiating streptomycete life cycle and functions that mediate high frequency transmission
of Streptomyces conjugative plasmids.
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CHAPTER 5:
SUMMARY AND FUTURE DIRECTIONS
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Conjugal DNA transfer is a ubiquitous mechanism by which genetic information is
shared between related as well as unrelated bacteria (Mazodier and Davies 1991), and the
process is generally mediated by plasmids which encode many essential transfer-related
functions. The E. coli F plasmid was the first to be discovered (Lederberg and Tatum 1946), and
has served as the model for nearly all subsequently described conjugative plasmids from both
gram-negative and gram-positive bacteria. It is evident that the conjugation mechanism is
generally conserved across the bacterial kingdom, particularly with respect to the processing of
DNA prior to its mobilization during mating. In nearly all cases for which the method has been
elucidated, the DNA molecule to be transferred is endonucleolytically cleaved, or nicked, on a
single strand by a plasmid-encoded relaxase protein, so called because this event leads to the
formation of a DNA-protein complex known as the relaxosome (Lanka and Wilkins 1995). The
nicked strand is then transferred by a poorly defined mechanism from the donor to the recipient
cell (Willetts and Williams 1984), and once the recipient has received a complete plasmid copy,
it has the potential to serve as a donor in future matings. Of all the conjugation systems
described to date, only those encoded by plasmids from the gram-positive genus Streptomyces
deviate from this paradigm (Grohmann et al. 2003). Not only are all of the known Streptomyces
conjugative elements unique in that they encode far fewer transfer functions compared to
plasmids from other genera (Hopwood and Kieser 1993), but their transfer functions also appear
to be distinct from those of the majority of plasmids. For example, instead of sharing similarity
with relaxases, the principal transfer proteins of Streptomyces conjugative plasmids resemble
proteins which mobilize double-stranded DNA in processes such as sporulation (Wu et al. 1995)
and cell division (Begg et al. 1995). Because they potentially represent a separate paradigm for
conjugal DNA transfer, there is much interest in elucidating the method by which Streptomyces

120

plasmids mediate conjugation. To this end, the work described here has focused on further
characterizing three conjugation-related functions, two of which are solely required for transfer
of plasmid pIJ101, and one which has a regulatory role that may affect coordination and timing
of certain aspects of pIJ101 biology, namely plasmid spread and plasmid copy number.
Conjugative plasmids require the presence of a cis-acting locus at which they physically
interact with either host-encoded or plasmid-encoded proteins prior to their actual transport
between donor and recipient cells. On plasmids originating from gram-negative and most grampositive bacteria, that role is filled by the origin of transfer (oriT), which is the site for nicking by
the relaxase as well as the point at which DNA transfer is initiated (Lanka and Wilkins 1995).
oriT loci from many plasmids have been described, and although not necessarily similar in
sequence composition, they do often share common structural features, such as the presence of
sequence repeats and intrinsic curvature (Lanka and Wilkins 1995). When the first cis-acting
transfer locus from a Streptomyces plasmid was discovered on pIJ101, it was termed the cisacting locus of transfer (clt) (Pettis and Cohen 1994), and not designated an origin of transfer,
since its functional role in pIJ101 transfer had yet to be defined.
Originally, clt was found to be contained on the 145-bp HincII-SmaI region of pIJ101
that overlaps the 3’ end of the korB gene (Pettis and Cohen 1994), and a large portion of the
work detailed in Chapter 2 was focused on characterizing three aspects of this cis-acting locus:
its minimal size, its physical characteristics, and its functional mechanism. clt is now known to
be comprised of a contiguous sequence of no more than 54-bp that is separable from korB,
contains inverted and direct repeats, and is also within an intrinsically curved plasmid region.
While these physical characteristics of clt were easily defined experimentally as described in
Chapter 2, determining the functional mechanism of clt has proven more difficult. Since by
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definition clt is a cis-acting locus required for plasmid transfer, the most obvious possibility to
test initially was that clt functions analogously to oriT, and is a site for single-stranded cleavage
followed by transfer of the nicked strand. Therefore, clt-containing plasmids were examined in
vitro for evidence of endonucleolytic cleavage on either strand within clt. No nicking was
observed on such plasmids in the presence (or absence) of the transfer-essential pIJ101 Tra
protein in E. coli and Streptomyces, so it was determined that if such nicking does occur as part
of the transfer process, it must be at a level below the threshold of detection for this method. A
second, genetic-based approach was next used to examine plasmids containing two separate clt
copies for conjugation-dependent recombination between the cis-acting loci, a procedure which
has been used to successfully demonstrate that single-stranded nicking occurs at oriT loci from
other plasmids (Brasch and Meyer 1987). This time, the lack of detectable recombination
between clt copies allowed single-stranded nicking to be ruled out as a potential mechanism for
clt function. This was the first direct evidence that pIJ101 is not transferred as a single-stranded
molecule, and so is likely transferred in a double-stranded form. Soon after this discovery, it was
reported that the integrative, conjugative element pSAM2 is transferred during mating as a
double-stranded molecule, and in this same study, it was reported that pIJ101 is also mobilized in
a double-stranded form (Possoz et al. 2001). Therefore, two separate lines of evidence strongly
suggest that the pIJ101 transfer mechanism, and by extension, the transfer mechanisms of other
Streptomyces conjugative elements, represent a separate paradigm for the conjugative
mobilization of DNA, distinct from all other conjugation systems.
While the classic single-stranded nicking mechanism has been ruled out for pIJ101mediated conjugation, it still has not been determined exactly what role clt plays in plasmid
transfer. Two mechanisms are conceivable: one involves the transfer of covalently closed
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circular plasmid molecules with clt acting as a site for interaction with one or more transfer
proteins, while the other would depend on a double-stranded cleavage event at clt prior to the
transfer of a linear, double-stranded plasmid. Both possibilities necessitate specific interaction of
one of more proteins, either Tra or host-encoded, with clt. If double-stranded cleavage does
occur within clt, it may be detected by the same in vitro primer extension method used to look
for single-stranded nicking at clt, as described in Chapter 2. Since it is unknown whether such
hypothetical double-stranded processing would depend on conjugation, to maximize the
possibility for its detection, actively mating mycelia should be examined at incremental time
points throughout growth. The detection of double-stranded cleavage will always depend on the
limits of the detection system with respect to the frequency and duration of the processing
events, so if double-stranded cleavage does occur at clt but falls below a detectable level, it
cannot be ruled out as a potential mechanism for clt function. Therefore, future investigations of
the clt functional mechanism may focus on whether clt remains unprocessed during conjugation
and serves as a site for protein interaction. This may be accomplished by purifying other
components of the pIJ101 conjugation system, such as the Tra protein, and testing for their
potential interactions with clt. While similar studies have been attempted as described in
Chapter 2, these were performed using cell extracts and not purified protein.
Besides clt, the Tra protein is the only plasmid-encoded function required for plasmid
transfer and is also capable of mobilizing chromosomal DNA (a phenomenon designated Cma)
independently of any other pIJ101 functions (Pettis and Cohen 1994). Tra shares homology with
ATP-binding proteins which function in the mobilization of double-stranded DNA (Wu et al.
1995, Begg et al. 1995), and coupled with evidence that clt is not a site for single-stranded
nicking and that pIJ101 is transferred during mating as a double-stranded molecule (Possoz et al.
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2001), it is likely that Tra mediates the transfer of double-stranded DNA. As part of the
investigation into the functional mechanism of Tra, several regions within the protein were
previously identified as variably important for Cma and plasmid mobilization (Pettis and Cohen
2000). The work described in Chapter 3 was focused on further defining two of these regions:
one near the N terminus of Tra (the aspartic acid at position 13 [D13]) that was shown to be more
important for Cma than plasmid transfer, and the other near the C terminus of the protein (the
alanine at position 531 [A531]) that was dispensable for both Cma and plasmid transfer (Pettis
and Cohen 2000). By introducing relatively large epitope insertions at these sites, their
contributions to Tra function were further characterized, and the resultant proteins’ expression
and localization patterns were examined in Streptomyces. Finally, the epitope-tagged proteins
also have great potential for future protein purification, which may prove useful in assaying for
potential Tra functions.
The results presented in Chapter 3 demonstrate that the previously identified D13 region
near the N terminus of Tra cannot be disrupted by insertion of the HA1 epitope sequence without
severely affecting both Cma and plasmid transfer functions of the resultant protein. In contrast,
Tra proteins in which the A531 regions were mutagenized by the insertion of three different
epitope sequences (HA1, cMyc, and 6His) still maintained wild-type functional levels for both
plasmid transfer and Cma. By examining the expression and localization characteristics of the
epitope-mutagenized proteins as expressed from the inducible ptipA promoter (Smokvina et al.
1990) in Streptomyces, it was shown that insertions made after either D13 or A531 did not affect
the proteins’ localization to the cell membranes of mycelia, since they were present exclusively
in Western blots of membrane fractions, as was previously reported for the wild-type Tra protein
(Pettis and Cohen 1996). The Tra protein containing the HA1 epitope insertion after A531
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(Tra531-HA1) was also detectable in Streptomyces mycelia by immunofluorescence microscopy.
For both Western blotting and microscopy, the visualization of Tra531-HA1 depended upon its
expression from an inducible promoter, and it has yet to be determined whether such expression
is physiologically relevant with respect to Tra function, which was assayed for this protein when
expressed from the natural tra promoter on a pIJ101-derived plasmid. The results reported here
nevertheless represent an important step toward elucidating whether there is a spatial aspect to
conjugation which depends on specific localization of Tra within Streptomyces mycelia. Perhaps
the most promising prospect for future study which may emerge from the epitope mutagenesis of
Tra is that epitope tags such as HA1 or 6His should prove useful toward the purification of
functionally wild-type Tra derivatives. These constructs can be induced from ptipA in
Streptomyces, purified from cell extracts, and eventually tested for function such as ATP-binding
in vitro, as well as for binding to clt-containing DNA molecules.
While clt and Tra are both necessary and sufficient for pIJ101 mobilization, questions
regarding exactly how they function in plasmid transfer and whether they interact directly remain
unanswered. As illustrated in Fig. 5.1A, direct association of the Tra protein with a cltcontaining plamsid may be required to bring about the mobilization of double-stranded plasmid
DNA during conjugation. One or more Tra protein molecules localized to the Streptomyces cell
membrane may come into contact with such plasmids and bring about their subsequent transfer
by a mechanism reminiscent of chromosome movement by SpoIIIE during B. subtilis
sporulation. Alternatively, as illustrated in Fig. 5.1B, it is possible that Tra and clt do not interact
directly, but that clt is instead present at the cell membrane as a consequence of its association
with some other chromosomally-encoded factor. Here, Tra would bring about the mobilization
of plasmid DNA in an indiscriminant manner, as long as the clt-containing plasmid is present at

125

A

B
cell wall

?

cell wall

?

cell membrane

?

cell membrane

?

Tra
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FIG. 5.1. Two models for Tra and clt function in pIJ101 transfer. (A) Tra and clt may
interact directly to bring about plasmid transfer, or (B) clt may be present at the cell membrane
due to its interaction with some other chromosomally-encoded factor (X). The open vertical
arrows indicate the direction of plasmid mobilization from the donor cell through an unknown
mechanism attributable to Tra, and the question marks (?) represent the transport of DNA
through the cell membrane and cell wall, aspects of conjugative DNA transfer in Streptomyces
which are not understood.

the appropriate intracellular location. Interestingly, Tra is incapable of efficiently mobilizing
plasmids harboring the clt locus from the Streptomyces phaechromogenes plasmid pJV1
(Appendix B), the only other specifically identified cis-acting transfer function from a
Streptomyces plasmid. Transfer does occur from S. lividans, however, when the pJV1 clt locus
is present along with the pJV1 traA and traB genes on a plasmid (Servin-Gonzales 1996). These
results indicate a direct interaction between the appropriate Tra protein or proteins and a plasmid
containing the appropriate clt locus, because if a second, chromosomally-encoded function were
responsible for proper localization of the plasmid, then both the pIJ101 and pJV1 transfer
functions would mobilize not only plasmids containing their respective clt loci (which they do),
but also plasmids containing the heterologous clt locus. In contrast to its inability to transfer
plasmids harboring clt from pJV1, Tra is capable of mobilizing plasmids containing various
regions of the S. coelicolor chromosome (Zhang and Pettis, unpublished results) that show no
obvious similarity to the pIJ101 clt locus and do not share characteristics such as the presence of
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sequence repeats or curvature. This evidence supports a model in which either Tra mobilizes
DNA non-specifically, or in which the principal transfer proteins of Streptomyces plasmids
interact with only a specific subset of sequences. For the Tra protein from pIJ101 these would
include the pIJ101 clt locus and various chromosomal sequences from S. coelicolor (and
presumably other Streptomyces species) that allow transfer, but not the clt locus of pJV1.
In addition to the required clt and tra functions encoded by pIJ101 are several other genes
which are involved in conjugation, but are not essential for the initial transfer of plasmids from
donor to recipient cells. Three of these, spdA, spdB, and kilB, are designated spread functions
because they allow for wider dissemination of a donor plasmid after it has been received by a
recipient, presumably by promoting the movement of the plasmid across the infrequent septa
within Streptomyces mycelia (Hopwood and Kieser 1993). Also present on the plasmid are two
regulatory functions, korA and korB, whose products repress transcription from transfer-related
operons (Stein and Cohen 1990). As reported in Chapter 4, KorB is only observed in an active,
post-translationally processed form that increases in concentration throughout the Streptomyces
life cycle. These kil-override functions are necessary because unchecked transcription from the
tra promoter, which is normally regulated by the KorA protein, and kilB, which is normally
regulated by KorB, is lethal to Streptomyces (Kendall and Cohen 1987). Like korA, the korB
gene is also self-regulatory, but its product additionally binds to a pIJ101 region that is involved
in plasmid copy number control (Deng et al. 1988); therefore, it appears that KorB serves
multiple functions in pIJ101 biology. In a previous study, the clt locus and korB gene present on
plasmid pSB24.2 were found to be interchangeable with the analogous functions from pIJ101. In
particular, the pSB24.2 korB gene was capable of overriding the lethality associated with the
pIJ101 kilB gene (Pettis and Prakash 1999).
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In Chapter 4, the KorB proteins from both pIJ101 and pSB24.2 were compared in detail
with respect to their abilities to regulate transcription from the pIJ101 kilB promoter, their
characteristics of binding to kilB promoter sequences, and their protein expression and
processing patterns. KorB represses transcription of kilB by binding to its promoter, and
although recent evidence indicates that the amount of KilB protein present in the cell is regulated
by a complex system that includes coordinate repression of transmission operon transcription
by KorA (Schully and Pettis 2003), it is well-documented that in the absence of KorB repression
of the kilB promoter, kilB is lethal to Streptomyces. pSB24.2 is derived from the Streptomyces
cyanogenus plasmid pSB24.1, which undergoes spontaneous deletion upon entry into
Streptomyces lividans to form the stable, but non-conjugative derivative. pSB24.2 lacks most of
the transfer functions of pSB24.1; however, it does contain the 3’ portion of a kilB homologue.
One possible explanation for the deletion of this conjugative version of the plasmid, then, is that
upon entry into a non-natural host species, potentially lethal transfer functions such as kilB
cannot be regulated properly, and so must be lost if the plasmid is to be maintained in the new
environment. Unlike KorB from pIJ101, KorB from pSB24.2 is present in S. lividans in
unprocessed as well as processed forms, although it is identical in sequence, with the exception
of two amino acid positions, to its pIJ101 counterpart; these apparently minor structural
differences between the two proteins nevertheless represent sites that appear to directly or
indirectly affect KorB processing. Further investigation of KorB through mutagenesis of the
pIJ101 korB gene at these sites may lead to a better understanding of the proteins’ processing
characteristics in Streptomyces.
Since Streptomyces plasmids represent a second, unique paradigm for conjugative DNA
transfer, each new discovery regarding pIJ101 or another Streptomyces conjugative element
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represents an increase in our knowledge of the ways in which members of this soil-dwelling,
antibiotic-producing genus share genetic information. A picture of the complex interplay
between transfer functions and regulatory mechanisms associated with pIJ101 transmission is
slowly emerging as more studies involving transfer and spread functions, as well as pIJ101encoded repressor functions, become available. By building on previous work, including the
studies presented here, an understanding of all aspects of the elusive Streptomyces conjugation
mechanism should one day be realized.
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APPENDIX B:
SUPPLEMENTARY DATA
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Transfer of plasmids harboring clt (pIJ101) versus clt (pJV1) from S. lividans
TK23.42 to S. lividans TK23.
Plasmid

Relevant genotype

Plasmid transfer (%)

clt+ (pIJ101)

31.10 ± 14.77

pGSP149

no clt

2.73 ± 3.20

pSCON100

+

5.16 ± 0.76

pGSP263

clt (pJV1)
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Gel mobility difference of plasmids pGSP260-∆50R and pGSP260-∆60R.
Plasmid

Average Mobility Difference

pGSP260

1.86 ± 0.19%

pGSP260-∆50R

0.89 ± 0.09%

pGSP260-∆60R

0.88 ± 0.09%
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Unbound
clt

B

pIJ303 (10 µg)

pIJ303 (5 µg)

TK23 (10 µg)

pIJ303 (10 µg)

pIJ303 (5 µg)

TK23 (10 µg)

TK23 (5 µg)

No protein

clt fragment
from
pGSP260

TK23 (5 µg)

kilB promoter
fragment
from
pGSP311

No protein

BL21(DE3) + pGSP208 (2.5 µg)

BL21(DE3) + pSP72 (2.5 µg)

clt fragment
from
pGSP260

No protein

A

Bound
kilB
promoter

Unbound
clt

Unbound
kilB
promoter

Electrophoretic mobility shift assays of clt using Tra-containing extracts of E. coli (A) and
S. lividans (B).
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GATC

GATC

SpeI

pGSP272 (clt+tra+)

primers
T7 and
272prext

pGSP261 (clt+tra-)

R1162
pUT1579

PstI

pGSP272 (clt+tra+)

pGSP261 (clt+tra-)

GATC

primer
SP6

DR3

IR

DR2
DR1

DR1

DR2

IR

DR3

Primer extension analysis of potentially nicked clt-containing plasmids in the absence
(pGSP261) and presence (pGSP272) of Tra in E. coli BL21(DE3).
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primer
SP2

R1162
pUT1579

EcoRI

GATC

TK23 (tra-)
TK23.42 (tra+)

TK23 (tra-)
TK23.42 (tra+)

GATC

primer
T7

SpeI

DR3
IR

DR2
DR1

DR1
DR2

IR

DR3

Primer extension analysis of potentially nicked clt sequences on plasmid pGSP263 in the
absence (S. lividans TK23) and presence (S. lividans TK23.42) of Tra.
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Transfer frequencies of 2X clt plasmids with tra-korA in inverted orientation with
respect to the natural placement on pIJ101.

Donor

Number of
clt copies

Relevant
genotype

Transfer
frequency
TH/TA (%)

Transfer
frequency
THA/TA (%)

pSCON47∆pSP72

1

korA+tra+

75 ± 22

78 ± 20

pSCON51∆pSP72

2

korA+tra+

92 ± 56

82 ± 32
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pSCON50∆pSP72

pHYG1

Transconjugant Set 1

Transconjugant Set 2

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
pHYG1

pSCON50∆pSP72

pHYG1

pSCON50
∆pSP72

Transconjugant Set 3

Transconjugant Set 4

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
?
pHYG1

pSCON50
∆pSP72

Restriction digestion analysis of 36 transconjugants from 2X clt mating assay.
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64

64

pHYG3-L531-6His

98

pHYG3

Anti-6His

TK23

pHYG3-L13-HA1

pHYG3

98

TK23

pHYG3-L531-6His

Anti-HA1

pHYG3-L531

pHYG3-L13-HA1

pHYG3-L13

pHYG3-L340

pHYG3

98

TK23

Anti-Tra

64

Western blot analysis of S. lividans TK23 harboring pHYG3-derived plasmids expressing
epitope-mutagenized Tra proteins from the tra promoter.
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PstI

SalI

351 bp

FspI

pIJ101

BstEII

-35

orf66

+1

-10
HindIII

kilB

BamHI
xylE
pSCON2
17.9 kb

ori
bla

tsr

SCP2*

BglII
BglII

BamHI

pSCON61
korB (pIJ101)

BamHI

BamHI

pSCON98
korB (pSB24.2)

Comparative repression of pIJ101 kilB-promoter-directed xylE transcription by
KorB proteins expressed from the same plasmids.
Plasmid

Relevant Features

Catechol Dioxygenase
(milliunits/ mg total protein)

pXE4

no promoter

no KorB

0

pSCON2

kilB promoter

no KorB

14.5 ± 1.3

pSCON61

kilB promoter

KorB (pIJ101)

0

pSCON98

kilB promoter

KorB (pSB24.2)

1.0 ± 1.8
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33 µg

17 µg

8.4 µg

4.2 µg

2.1 µg

1.1 µg

0.53 µg

no protein

KorB
(pIJ101)

EMSA analysis of the kilB promoter using increasing amounts of KorB (pIJ101).
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